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ABSTRACT 




Translation is the process by which the cell produces new proteins on the ribosome, as 
directed by genetic instructions, in all living organisms. Structural studies of the ribosome 
have shed considerable lights on its mechanism and regulation. Cryogenic electron 
microscopy (cryo-EM) and single-particle reconstruction technique is one of the major 
approaches to studying ribosome structure. In this thesis, I report the use of cryo-EM and 
related new techniques to study the structure of ribosome complexes. This work is divided 
into three parts.  
First, in Chapter 3, I describe the development of a computational method in the 
classification of cryo-EM data. Recently developed classification methods have enabled 
resolving multiple structures/conformations of the molecules from cryo-EM data obtained on 
a heterogeneous biological sample. However, the classification methods all involve various 
amounts of arbitrary decisions made by researchers, which can limit the use of these methods 
by inexperienced users. As a step toward fully automated classification, I worked with 
colleagues to develop a “jumper analysis” to determine the number of distinguishable classes 
of 3D reconstruction, based on the statistics of cryo-EM particles.  
Second, in Chapter 4, I document the cryo-EM study of EttA-70S ribosome complex, 
which provided structural insights into the mechanism of EttA in translation regulation. 
Energy-dependent translation throttle A (EttA, previously named YjjK in Escherichia coli) is 
 
the most prevalent member of ATP-binding cassette F family proteins in eubacteria. Through 
a collaboration among the Hunt, Frank, and Gonzalez labs, we combined crystallography, 
biochemical, cryo-EM and single-molecule fluorescence energy transfer techniques to 
elucidate the function and mechanism of EttA. We demonstrated that EttA gates ribosome 
entry into the translation elongation cycle through a nucleotide-dependent interaction 
sensitive to ATP/ADP ratio. We also showed that the ATP-bound form of EttA binds to the 
ribosomal tRNA-exit site, and restricts the ribosome and tRNA dynamics required for 
translation.  
Thirdly, in Chapter 5, I discuss the improvements to a new technique, time-resolved cryo-
EM by mixing-spraying, and its application to ribosome studies. The mixing-spraying 
method can study processes involving two big biological molecules that are in the sub-
second time scale. I worked with colleagues to apply this method to studying ribosome 
subunit association. By mixing the subunits and reacting for 60 ms and 140 ms, we were able 
to capture the association reaction in a pre-equilibrium state. We detected three 70S ribosome 
conformations in the system. Quantification of the proportions of particles assuming these 
conformations suggested that the 70S ribosome can undergo fast conformational changes 
upon formation, and reaches equilibrium among these conformations earlier than 60 ms. In 
addition, I present preliminary results of studying translation decoding using the mixing-
spraying method. This study, performed before improving the mixing-spraying method, was 
inconclusive mainly due to the limited size of cryo-EM data. Now that we have demonstrated 
the capability of the mixing-spraying method to visualize multiple states of molecules in a 
sub-second reaction, the translation decoding process can be revisited and many other 
processes, such as translation initiation, can be studied. 
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Chapter 1 Overview of Ribosome and Translation 
 
1.1. Overview of the translation and the ribosome  
Translation is the process by which the cell produces new proteins on the ribosome, as 
directed by genetic instructions, in all living organisms. Translation is an energy-intensive 
process central to the survival of the cell, and is under tight regulation. Understanding the 
translation and its regulation not only enriches our knowledge, but also profoundly influences the 
development of antibiotics, most of which target the ribosome.  
The ribosome is the molecular factory for translation, and is a large molecular complex 
consisting of ribosomal RNA (rRNA) and proteins (r-protein). The prokaryotic ribosome is 
denoted as 70S (after its sedimentation rate in centrifugation), and the eukaryotic ribosome as 
80S. The ribosomes from bacteria, archaea, and eukaryotes share the same core, but differ in 
size, rRNA sequence, and protein components. These differences allow the antibiotics to cause 
malfunction in the bacteria ribosome, while leaving the human ribosome not or less affected 
(reviewed in (Wilson, 2009)). 
The prokaryotic ribosome consists of the small (30S) and large (50S) subunits (Fig. 1.1). 
The small subunit assists in decoding the genetic instructions contained in the messenger 
ribonucleic acid (mRNA). The large subunit, in contrast, facilitates the peptide transfer reaction, 
in which an amino acid (aa) carried by the transfer RNA (tRNA) is linked to the newly 
synthesized peptide. The ribosome has three tRNA binding sites in the space between the two 
subunits, termed aminoacyl (A), peptidyl (P), and exit (E) sites (see Section 1.2.2). 
Structural studies using cryogenic electron microscopy (cryo-EM) and crystallography 




translation factors, facilitating the interpretation of the genetic, biochemical, and thermodynamic 
studies accumulated for over four decades (reviewed in (Dunkle and Cate, 2010; Frank and 
Gonzalez, 2010; Michel and Baranov, 2013; Mitra and Frank, 2006; Rodnina and Wintermeyer, 
2001b; Schmeing and Ramakrishnan, 2009; Steitz, 2008; Triman, 2007)). The dynamics of 
translation have also been studied using single molecule methods, which measure fluorescence 
or force, and computational simulations (reviewed in (Blanchard, 2009; Bustamante et al., 2014; 
Marshall et al., 2008; Munro et al., 2008; Tinoco et al., 2010; Trylska, 2009; Vicatos et al., 
2014)). Section 1.2 introduces the prokaryotic ribosome structure in more details. 
Translation is a complex and highly regulated process, and it can be divided into four 
major steps: initiation, elongation, termination, and ribosome recycling (Fig. 1.2). Initiation is 
the process of assembling the translation-active ribosome complex from its components: the 
subunits, mRNA and initiator tRNA. During each cycle of elongation, a tRNA carrying an amino 
acid first binds at the A site if it matches the genetic instruction, and links its amino acid to the 
newly synthesized peptide. The tRNA then moves to the P site and passes on the peptide to the 
next A-site tRNA carrying an amino acid. The P-site tRNA, after passing on the peptide, then 
exits the ribosome through the E site, completing one elongation cycle. In the termination and 
ribosome recycling steps, respectively, the ribosome releases the newly synthesized peptide, and 
separates into the subunits, getting ready for the next round of translation. Section 1.3 – 1.4 





Figure 1.1 Schematics of the ribosome structure. X-ray crystallographic structure of the 
ribosome complex (PDB ID: 2J00 and 2J01). The 50S subunit is shown in lavender and the 30S 
subunit in tan. The mRNA (gray curve) binds to the 30S subunit. Three tRNAs on the ribosome 
are denoted as aminoacyl-tRNA (A-site tRNA, purple), peptidyl-tRNA (P-site tRNA, red), and 
exit-site tRNA (E-site tRNA, orange), respectively. The peptides are represented by gray circles. 
The L1 stalk and three functional centers on the ribosome, namely Decoding Center (DC), 
Peptidyl-Transferase Center (PTC), and GTPase-Associated Center (GAC), are highlighted in 




Figure 1.2 Overview of the major steps of bacteria translation. For simplicity, not all steps 




1.2. Prokaryotic ribosome structure 
The structures of ribosome complexes have been studied by using X-ray crystallography 
and cryogenic electron microscopy (cryo-EM) since the mid-1990s. This section introduces the 
ribosome structure in three aspects: (1) There are about twelve intersubunit bridges between the 
30S and 50S subunits, which are important for ribosome dynamics and function. (2) The 
interactions of the ribosome with the mRNA and tRNAs are essential for fast and accurate 
translation. (3) There are several important functional domains on the ribosome: the Decoding 
Center (DC) on the 30S subunit, Peptidyl-Transferase Center (PTC) on the 50S subunit, GTPase-
Associated Center (GAC) on the 50S subunit, and the L1 stalk on the 50S subunit. 
 
1.2.1. Intersubunit bridges  
In the 70S ribosome, there are about twelve intersubunit connections (more than 30 total 
molecular contacts), called intersubunit bridges, between the 30S and 50S subunits (Table 1.1) 
(Yusupov et al., 2001). The formation, reconfiguration and disruption of the intersubunit bridges 
are indispensible for ribosome function. In the initiation step, accurate formation of the 
intersubunit bridges is required for the formation of a functional 70S initiation complex. In the 
elongation cycle, reconfiguration of some intersubunit bridges permits the intersubunit rotation, 
and is important for the mRNA-tRNA translocation. For instance, bridge B1b undergoes the 
most extensive reconfiguration among all the bridges during intersubunit rotation (Agirrezabala 
et al., 2008; Dunkle et al., 2011; Frank et al., 2007; Valle et al., 2003a). Deletion of bridge B1b 
by deleting r-protein S13 was shown to increase the frequency of factor-independent 
translocation, indicating that weakened peripheral subunit interaction may lead to the loss of 




step, disruption of all the intersubunit bridges leads to the disassembly of 70S ribosome into 30S 
and 50S subunits (Agirrezabala et al., 2008; Schuwirth et al., 2005; Valle et al., 2003a; Zhang et 
al., 2009).  
The intersubunit bridges are of various types, yet conserved across the three kingdoms of 
life. The RNA-RNA bridges (such as B2a, B2b, B2c, and B3) are mainly found in the core 
region on the intersubunit interface, whereas the RNA-protein or protein-protein bridges (such as 
B1b, B1a, B7b, and B8) are in the peripheral region (Fig. 1.3). All eleven bridges involving 
rRNA are conserved across the three phylogenetic domains: Archaea, Bacteria, and Eucarya 
(Eukaryotic nuclear), suggesting that these bridges are important for the structural integrity and 
function of the ribosome (Mears et al., 2002). When the mitochondria and chloroplast ribosomes 
are also included in this comparative sequence analysis, only four bridges (B2a, B2c, B3, and 
B7b) are conserved, suggesting that these bridges are likely essential (Mears et al., 2002).  
The dynamics of intersubunit bridge formation during ribosome subunit association has 
been studies using fast chemical protection assays. Hennelly et al. proposed that the core bridges 
form before the peripheral bridges (Hennelly et al., 2005): Under their experimental conditions, 
bridges B2c and B2a form within 50 milliseconds (ms) after mixing the 30S and 50S subunits in 
the presence of mRNA. The formation of bridge B5 follows rapidly within 100 ms. Peripheral 
bridges, such as B7a, then gradually formed within 150 ms. Their conclusions suggest that 
during subunit association, there may be 70S intermediate conformations with the bridges 
partially formed. However, the interpretation of Hennelly et al. has been challenged by Nguyenle 
et al., who also claimed that the formation of the subunit interface occurs simultaneously based 










Figure 1.3 Intersubunit bridges on the 70S ribosome. Ribosomal RNA (rRNA) and ribosomal 
protein (r-protein) on the 30S subunit are shown in pale yellow and golden, respectively. The 
rRNA and r-protein components on the 50S subunit are shown in pale blue and blue, 
respectively. The rRNA and r-protein components involved in the intersubunit bridges are 





1.2.2. Interactions of ribosome with the mRNA and tRNAs  
The mRNA (about 30 nucleotides) wraps along a groove around the “neck” region of the 
30S subunit during translation (Yusupova et al., 2001). The Shine-Dalgarno sequence, a purine-
rich sequence of the mRNA upstream of the start codon, can base-pair with the 3'-terminal of 
16S rRNA in the 30S subunit and ensures accurate start of the translation (Shine and Dalgarno, 
1974). The Shine-Dalgarno sequence is bound in a large cleft between the 30S head and the back 
of the platform (Yusupova et al., 2001). About eight nucleotides (-1 to +7) are exposed at the 
intersubunit interface, and bond almost exclusively to the 16S rRNA (Yusupova et al., 2001). 
There is a kink of about 45° in the mRNA between the A- and P-site codons, which allows 
simultaneous binding of the A- and P-site tRNAs (Yusupov et al., 2001; Yusupova et al., 2001).  
The tRNAs on the ribosome base-pair with the mRNA, and make extensive interactions 
with the ribosome (Fig. 1.1) (reviewed in (Khade and Joseph, 2010)). The tRNA binding sites 
span both ribosome subunits. The tRNA anticodon arm interacts with the 30S subunit, while the 
tRNA accepter arm (also called CCA end, named after the three conserved ribonucleotides at the 
3’-end of the tRNA) interacts with the 50S subunit. Recent X-ray crystallographic structures 
have revealed the detailed interactions of tRNAs with mRNA and ribosome (Korostelev et al., 
2006; Selmer et al., 2006; Voorhees et al., 2009). 
Interactions in the A site. On the 30S subunit side, the tRNA anticodon arm interacts 
with the DC (Fig. 1.4A). The universally conserved 16S rRNA bases A1492, A1493 and G530 in 
the DC interact extensively with the minor groove of the first two codon-anticodon base pairs 
(Ogle et al., 2001). These interactions are proposed to discriminate a cognate tRNA (i.e., having 
all three Watson-Crick base pairs between the mRNA codon and tRNA anticodon) from a near-




mismatches) at the A site. Specifically, A1493 forms a type I A-minor interaction (insertion of an 
adenine into the minor groove of the RNA duplex by forming numerous hydrogen bonds) with 
the codon-anticodon base pair at the first position of the A site codon. A1492 and G530 interact 
with the second position, and G530 also interacts with the third position of the A site codon. In 
addition, r-protein S12 interacts with the backbone of the A site codon. Specifically, Ser50 of S12 
interacts with A1492 of 16S rRNA.  
On the 50S subunit side, the A-site tRNA elbow region forms functionally important 
interactions with r-protein L16 and helix 38 of 23S rRNA (Komoda et al., 2006; Moore et al., 
1975). Specifically, Arg51 and Arg56 of L16 interact with positions 53–54 of the tRNA 
backbone. Helix 38 of 23S rRNA, also known as the A-site finger, lies between the elbows of A- 
and P-site tRNAs. G882 and G883 of helix 38 interact with position 19 of both A- and P-site 
tRNAs. In addition, the 3’ CCA end of A-site tRNA interacts with the PTC of the 50S subunit 
(See Section 1.2.3). Positions 37–38 of A-site tRNA, on the opposite side of the elbow region, 
interact with A1913 of helix 69 of 23S rRNA. 
Interactions in the P site. On the 30S subunit side, several 16S rRNA bases and r-
proteins S9 and S13 interact extensively with the anticodon stem-loop (ASL) of P-site tRNA 
(Fig. 1.4B) (Korostelev et al., 2006; Selmer et al., 2006; Voorhees et al., 2009) (reviewed in 
(Khade and Joseph, 2010)). The P-site codon is located close to bases 1401–1403 of the 16S 
rRNA. The first position of the P-site codon interacts with the phosphate of U1498 in 16S rRNA. 
The phosphate group at the first position of the P-site codon also interacts with G926 of 16S 
rRNA. Immediately upstream of the ASL, the backbone of nucleotide 34 in P-tRNA interacts 
with m2G966 (m stands for methylation) of 16S rRNA. The base 34 of P-site tRNA also stacks 




A790 of 16S rRNA. The backbone of nucleotides 29 and 30 of P-site tRNA interacts with the 
backbone of nucleotides A1229 and C1230 of 16S rRNA. The conserved G-C base pairs at 
positions 29–41 and 30–40 in the anticodon arm of the initiator tRNA interact with bases G1338 
and A1339 of 16S rRNA, respectively. Mutations of these 16S rRNA bases (A790, G926, 
m2G966, G1338, A1339, C1400) generally lead to decreased translation activity up to 20-fold 
(Abdi and Fredrick, 2005; Qin et al., 2007). In addition, the anticodon of P-site tRNA interacts 
with the C-terminus of r-proteins S9 and S13.  
On the 50S subunit side, C56 in the elbow region of P-site tRNA is close to r-protein L5 
(Korostelev et al., 2006; Selmer et al., 2006; Voorhees et al., 2009). Bases 12–13 in the D-stem 
of P-site tRNA contact helix 69 of 23S rRNA. H69-deleted ribosomes, surprisingly, can 
accurately synthesize a full-length protein, but are defective in peptide release by RF1 (Ali et al., 
2006). 
Interactions in the E site. On the 30S subunit side, the anticodon of E-site tRNA is 
loosely monitored by the ribosome (Fig. 1.4C) (reviewed in (Khade and Joseph, 2010)). G693 of 
23S rRNA contacts A35 of E-site tRNA and packs against the ribose at the third position of the 
E-site codon. A695 of 23S rRNA interacts with the phosphate at position 39 of E-site tRNA. In 
addition, the anticodon arm of E-site tRNA interacts with r-proteins S7 (Arg76 and Arg146 in the 
C-terminus) and S11.  
On the 50S subunit side, the acceptor arm of E-site tRNA forms extensive interactions 
with the 50S subunit (Korostelev et al., 2006; Selmer et al., 2006; Voorhees et al., 2009). Base 
A76 of E-site tRNA intercalates between G2421 and A2422 of 23S rRNA, and forms hydrogen 
bonds with C2394. The ribose of nucleotides 70 and 71 in the E-site tRNA interacts with the 




2006; Voorhees et al., 2009). The backbone of nucleotides 3 and 5 in E-site tRNA interacts with 
the backbone of bases 1850-1853 in 23S rRNA. The acceptor end of the E-site tRNA also 
interacts with r-proteins L28 (Lys38 and Arg39) and L33 (Arg28) on the 50S subunit. In 
addition, the elbow region of E site tRNA interacts extensively with the L1 stalk of 50S subunit 
(L1 protein and helices 76, 77, and 78 of 23S rRNA) (see Section 1.2.3). Bases G19 and C56 of 
E-site tRNA stack with G2112 and A2169 of 23S rRNA. Bases 55, 62, and 63 in the elbow 
region of E-site tRNA also interact with Lys167, Arg52, and Arg53 of r-protein L1, respectively 
(Korostelev et al., 2006; Selmer et al., 2006). My PhD work discovered that a new translation 
factor EttA binds to the E site of the ribosome, where EttA forms bridging interactions between 




Figure 1.4 Interactions of the tRNAs with the ribosome. (A, B, C) Overview of the A-, P-, 
and E-site tRNAs interacting with the bases in 16S rRNA (yellow), 23S rRNA (salmon), and r-
proteins (orange tubes). Specific bases in the rRNA are shown in cyan and the mRNA is in 




1.2.3. Functional domains of the ribosome 
The key functions of 30S and 50S subunit are aa-tRNA selection and peptide transfer, 
respectively. In addition, the GAC mediates binding and dissociation of GTPase translation 
factors, and stimulates GTP hydrolysis by these factors. The L1 stalk is a dynamic component of 
the 50S subunit, and is involved in tRNA movement and release during elongation. These 
functional domains also communicate with one another allosterically, and collectively contribute 
to the high efficiency and accuracy of translation. 
Decoding Center (DC). DC is in the A site on the 30S subunit (Fig. 1.1, see also Section 
1.2.2 Interactions in the A site). DC consists of 530 loop (RNA loop that contains nucleotide 
G530), part of helix 44, and helix 34 of the 16S rRNA (Ogle et al., 2001; Ogle et al., 2002). The 
universally conserved nucleotides A1492, A1493, and G530 are essential for recognizing the 
cognate codon-anticodon interaction. S12 is the only r-protein that is in the vicinity of the DC. 
GTPase-Associated Center (GAC). The GAC is where the GTPase translation factors 
bind to the ribosome (Fig. 1.1). These factors include initiation factor 2 (IF2), elongation factor 
“temperature unstable” (EF-Tu), EF-G, release factor 3 (RF3), LepA (also called EF4) (Connell 
et al., 2008; Qin et al., 2006), and BipA (deLivron et al., 2009; Farris et al., 1998). The existence 
of GAC was initially indicated by genetic and biochemical assays (Rodnina et al., 2000; 
Rosendahl and Douthwaite, 1993; Ryan and Draper, 1991; Ryan et al., 1991; Savelsbergh et al., 
2000) and then visualized by cryo-EM (Agrawal et al., 1999; Allen et al., 2005; Gabashvili et al., 
2000; Gao et al., 2007; Stark et al., 2002; Valle et al., 2002) and X-ray crystallography (Ban et 
al., 1999; Ban et al., 2000; Gao et al., 2009; Pulk and Cate, 2013; Schmeing et al., 2009; 
Tourigny et al., 2013; Voorhees et al., 2010; Yusupov et al., 2001; Zhou et al., 2013; Zhou et al., 




located adjacent to the nucleotide binding pocket of EF-Tu (Moazed et al., 1988)), r-proteins 
L10, L11, and the L7/L12 stalk (reviewed in (Bourne et al., 1991)). Base G2655 in the SRL is 
critical for recognizing the ribosomal binding site of many translation factors (Chan et al., 2004). 
During decoding, the distortion of the aa-tRNA and the rearrangement of GAC are proposed to 
communicate the signal of codon-anticodon recognition at the DC to the GTPase center of EF-
Tu, which is over 80 Å away (Schmeing et al., 2009; Villa et al., 2009). 
Peptidyl-Transferase Center (PTC). The CCA end of A- and P-site tRNAs are in close 
vicinity in the PTC, which is composed primarily of 23S rRNA nucleotides (Fig. 1.1). Conserved 
bases C2063, G2251, G2252, G2255, A2450, A2451, U2506, U2585, and A2602 in 23S rRNA 
constitute the active site of the PTC (Ban et al., 2000; Korostelev et al., 2006; Nissen et al., 2000; 
Selmer et al., 2006; Voorhees et al., 2009) (reviewed in (Khade and Joseph, 2010; Moore and 
Steitz, 2003; Polacek and Mankin, 2005; Yonath, 2005)). For the P-site peptidyl-tRNA, G2252 
and G2251 of 23S rRNA form base pairs with C74 and C75 of P-site tRNA, respectively. The 
A76 of P-site tRNA forms an A-minor interaction with the A2450-C2063 base pair of 23S rRNA. 
The 2'-hydroxyl group of A2451 of 23S rRNA is within hydrogen bonding distance of the 2'-
hydroxyl group of A76, and is demonstrated to be important for the peptidyl-transferase 
reactivity of the ribosome (Lang et al., 2008). For the A-site aminoacyl-tRNA (aa-tRNA), the N3 
and 2'-hydroxyl of A2451 of 23S rRNA, as well as the 2'-hydroxyl of A76 of P-site tRNA, 
contacts the alpha-amino group of the A-site aa-tRNA (Voorhees et al., 2009). Bases G2583 and 
U2585 of 23S rRNA interacts with A76 of A-site tRNA, and G2553 of 23S rRNA base pairs with 
C75 of A-site tRNA. In addition, the N-terminus of r-protein L27 is close to the CCA end of A- 
and P-site tRNAs, and is shown to promote peptide bond formation (Maguire et al., 2005; 




L1 stalk. The L1 stalk consists of conserved helices 76-78 of 23S rRNA and r-protein L1 
(Fig. 1.1) (Agrawal et al., 2000; Ban et al., 2000; Harms et al., 2001; Malhotra et al., 1998; 
Nikulin et al., 2003; Yusupov et al., 2001). The L1 stalk is located in the E site of the 50S 
subunit, and is one of the most dynamic regions in the ribosome. Comparison of various cryo-
EM reconstructions (Valle et al., 2003a) and X-ray crystal structures (Korostelev et al., 2006; 
Schuwirth et al., 2005; Selmer et al., 2006) reveals that the L1 stalk can adopt an “open” and a 
“closed” conformation. The L1 stalk is in the “open” conformation in the ribosomal pre-
translocation complex (PRE), which contains classical A/A (denoting the 30S A/50S A sites, 
respectively) and P/P tRNAs. Whereas the L1 stalk is in the “closed” conformation in the 
ribosome complex having intersubunit rotation (“rotated” ribosome complex), which contains 
hybrid A/P and P/E tRNAs. The closed L1 stalk contacts the P/E tRNA. The reconfiguration of 
the L1 stalk from the open to the closed conformation involves a movement about 30° inward 
viewed from the intersubunit interface (reviewed in (Achenbach and Nierhaus, 2013; Voorhees et 
al., 2009)). smFRET study showed that the reconfiguration of the L1 stalk is dynamically 
coupled to the ribosomal intersubunit rotation and the tRNA movement, suggesting that L1 stalk 
can promote the tRNA translocation from P to E site, and facilitate tRNA release from the E site 
(Fei et al., 2009; Fei et al., 2008) (see also Section 1.4). The coupling behavior was also observed 




1.3. Prokaryotic translation initiation 
Translation initiation is the process of assembling an elongation-competent 70S initiation 
complex (70S IC) from ribosome subunits, mRNA, initiator tRNA (fMet-tRNAfMet), with the 
assistance of initiation factors 1, 2, and 3. Initiation requires precise positioning of the start 
codon of mRNA and the initiator tRNA in the P site. The positioning of mRNA on the 30S 
subunit involves the interaction between the Shine-Dalgarno sequence of mRNA and the C-
terminus of 16S rRNA (see Section 1.2.2). The positioning of the initiator tRNA is facilitated by 
the initiation factors. The first major step in initiation is the association of 30S subunit with IF1, 
IF2, IF3, mRNA, and fMet-tRNAfMet, resulting in the 30S initiation complex (30S IC). The 
second major step is the association of 50S subunit with 30S IC, which is accompanied by the 
GTP hydrolysis by IF2, and the release of initiation factors. The 70S IC can then bind aa-
tRNA•EF-Tu•GTP ternary complex, ready for the elongation cycle.  
 
1.3.1. The structure and function of initiation factors 
The bacteria initiation factors have counterparts in eukaryotes. IF1 and IF2 have 
homologs (structurally and functionally similar, and evolutionarily conserved) eIF1A and eIF5B, 
respectively (Kyrpides and Woese, 1998; Lee et al., 1999; Roll-Mecak et al., 2001). IF3 has a 
functional analog eIF1, which also binds to the same region on the small subunit platform as IF3 
(Lomakin et al., 2006).  
IF1, a small protein of 71 amino acids, binds at the A site of the 30S subunit, close to r-
protein S12, the 530 loop and helix 44 of 16S rRNA (Fig. 1.5A-B)(Carter et al., 2001; Simonetti 




well as the anti-subunit association activity of IF3 (Grunberg-Manago et al., 1975), and it can 
regulate the conformational dynamics of the 30S subunit (Milon et al., 2008).  
IF2 is a multi-domain GTPase that can be divided into the N-terminal domain (domain I, 
II, and III), the GTP-binding domain (domains IV and V), and the C-terminal domain (domains 
VI-1 and VI-2). IF2 N-terminal domain from E. coli was solved by NMR (PDB ID: 1ND9) 
(Laursen et al., 2003). Domains IV to VI of IF2 are homologs of aIF5B from Methanobacterium 
thermoautotrophicum, which was solved by X-ray crystallography (PDB ID: 1G7T) (Roll-Mecak 
et al., 2000). There are three isoforms of IF2 in Escherichia coli (IF2-α, IF2-β, and IF2-γ), which 
contain the same C-terminal domain, but differ in the length of their N-terminal domains (IF2-α 
full length with 890 amino acids, IF2-β and IF2-γ lacking the first 157 and 164 amino acids, 
respectively) (Mortensen et al., 1995). 
The cryo-EM reconstruction of the 30S IC from T. thermophilus reveals that domain VI-2 
of IF2 interacts with the acceptor stem region of fMet-tRNAfMet, resulting in an IF2–fMet-
tRNAfMet sub-complex (Fig. 1.5A) (Simonetti et al., 2008). The sub-complex binds to the 30S 
subunit through two anchor points. One anchor point is the decoding stem of initiator tRNA 
binding to the 30S subunit neck region, in a pocket formed by h24, h29, h30, h31, h34, and h44 
of 16S rRNA, and r-proteins S9 and S13. The other anchor point is domains IV and V of IF2 
binding to the 30S subunit body region, close to h5 and h14 of the 16S rRNA.  
The IF2–fMet-tRNAfMet sub-complex on the 30S IC has a large surface area with 
complementary contour to the 50S subunit, which is thought to facilitate the docking of the 50S 
subunit (Allen et al., 2005). After 50S subunit joining, domains IV and V of IF2 interact with the 
GAC of the large subunit, but domain VI-2 of IF2 has lost contact with fMet-tRNAfMet, which is 




subunit in the 70S IC, containing the GTP-bound state of IF2, is rotated by about 4° 
anticlockwise relative to the 50S subunit, similar to the intersubunit rotation during translocation 
(Valle et al., 2003a); whereas the 30S subunit in the 70S complex containing the GDP-bound 
state of IF2 is in the non-rotated state (Myasnikov et al., 2005). These structural observations 
suggest that the 30S subunit back-rotation in the 70S IC, which readies the 70S ribosome for 
elongation, requires GTP hydrolysis on IF2, consistent with smFRET studies (Marshall et al., 
2009), 
IF2 plays a key role in the recruitment of fMet-tRNAfMet to the 30S subunit and in 
regulating the formation of the 70S IC. During 30S IC formation, IF2 recruits and stabilizes 
fMet-tRNAfMet on the 30S subunit (Milon et al., 2010). Following 30S IC formation, IF2 (likely 
in the GTP-bound form) and fMet-tRNAfMet promote the rapid docking of 50S subunit to the 30S 
IC (Antoun et al., 2003; Grigoriadou et al., 2007).  
IF3 (80 amino acids) consists of two globular domains of roughly equal size (IF3N and 
IF3C domains), and a flexible, lysine-rich linker (Biou et al., 1995; Fortier et al., 1994). The 
structures of isolated IF3N and IF3C have been solved by X-ray crystallography and NMR (Biou 
et al., 1995; Garcia et al., 1995a; Garcia et al., 1995b). IF3C domain binds at the 790 loop of 16S 
rRNA in the 30S subunit platform region, as shown by chemical probing and hydroxyl radical 
footprinting assays of the 16S rRNA (Dallas and Noller, 2001; Fabbretti et al., 2007), as well as a 
low-resolution cryo-EM map of the 30S-IF3 complex (Fig. 1.5C) (Julian et al., 2011). The 
binding site of IF3N is less certain. The abovementioned studies proposed that IF3N binds in the 
proximity of fMet-tRNAfMet (Dallas and Noller, 2001; Fabbretti et al., 2007; Julian et al., 2011). 




subunit, which correspond to different interdomain distances between IF3N and IF3C (Elvekrog 
and Gonzalez, 2013). 
IF3 has multiple functions at different stages of translation initiation. IF3 ensures the 
fidelity of initiator tRNA and start codon selection during the 30S IC assembly (Hartz et al., 
1990; Petrelli et al., 2001), and prevents the formation of aberrant 70S IC lacking initiator tRNA 
during the 70S IC assembly (Antoun et al., 2004). IF3 can also inhibit the association of the 50S 
subunit to the 30S subunit, and may promote the splitting of the 70S ribosome into subunits 
during ribosome recycling, readying the ribosome for the next round of initiation (Grunberg-
Manago et al., 1975; Hirokawa et al., 2002). The anti-association property of IF3 may be 
explained, at least partially, by the binding site of IF3 on the 30S subunit, which would sterically 
collide with intersubunit bridge B2b critical in subunit association (see Section 1.2.1, Fig. 1.3, 
and Table 1.1) (Dallas and Noller, 2001). 
 
1.3.2. Kinetics of translation initiation 
Translation initiation is generally believed to be the rate-limiting step of protein synthesis 
(reviewed in (Jacques and Dreyfus, 1990; Laursen et al., 2005; Milon and Rodnina, 2012)). The 
efficiency of initiation on different kinds of mRNAs largely defines the cellular expression level 
of the various genes (reviewed in (Milon and Rodnina, 2012)).  
The exact timing of ligand binding and dissociation events leading to 30S IC remains 
largely unclear. For example, research groups are at odds whether the bindings of IF2•GTP and 
fMet-tRNAfMet to 30S subunit are simultaneous (Lockwood et al., 1971; Majumdar et al., 1976; 
Spurio et al., 2000; Sundari et al., 1976), or subsequent to each other (Milon et al., 2010), or 




ligand concentrations and in the presence of IF1 and IF3, the simultaneous binding mode is 
common; whereas at low ligand concentrations, stochastic binding is dominant (Tsai et al., 
2012).  
The formation of 70S IC by docking the 50S subunit to the 30S IC commits an mRNA 
for translation, and thus represents the final checkpoint in initiation. IF3 prevents the docking of 
50S subunit to 30S IC lacking initiator tRNA, while IF2•GTP promotes the association of 50S 
subunit with the correctly assembled 30S IC (see Section 1.3.1) (Antoun et al., 2004). The 50S 
subunit binds rapidly to the 30S IC carrying mRNA, fMet-tRNAfMet and all three initiation 
factors, with an association rate constant ka = 12 μM-1 s-1 (Antoun et al., 2004). The rate of 70S 
IC formation is also affected by the concentration of magnesium ions, ionic strength and 
composition of the buffer. For example, increasing the free Mg2+ concentration from 3 mM to 7 
mM in polymix buffer increased the association rate constant from 10 μM-1s-1 to 18 μM-1s-1, for 
the association of naked 30S and 50S subunits (Antoun et al., 2004). In addition, time-resolved 
chemical probing assays suggested that intersubunit bridges may form sequentially during 
subunit association (Hennelly et al., 2005).  
Docking of the 50S subunit triggers GTP hydrolysis by IF2 (Grigoriadou et al., 2007; 
Tomsic et al., 2000) and the release of IF3 and IF1 from 70S IC (Milon et al., 2008). Another 
related question is the relative timing of IF2 release and 50S subunit joining. Tsai et al. observed 
a colocalization for about 2 sec of IF2•GTP and 50S subunit on the 30S IC before IF2 release, 
which is independent on 50S concentration, suggesting that during this period of colocalization 
IF2 hydrolyzes GTP and undergoes conformational changes required for its dissociation (Tsai et 
al., 2012). This observation opens the opportunity of capturing the 70S IC bound with IF2 





Figure 1.5 Interaction of initiation factors with the ribosome. (A) Cryo-EM map of the 30S 
IC (30S–mRNA–fMet-tRNAfMet–IF1–IF2–GTP complex) and the assignment of the components. 
The density parts corresponding to fMet-tRNAfMet, IF1 and IF2 are colored in red, blue and 
green, respectively. Figure reproduced from (Simonetti et al., 2008). (B) Cryo-EM map of the 
GDPNP-stalled E. coli 70S IC containing IF2. The ligand density (red) was obtained by 
subtraction of the 70S post-initiation complex density from the 70S IC density. The 30S and 50S 
subunits are colored in yellow and blue, respectively. Figure reproduced from (Allen et al., 
2005). (C) Binding site of IF3 on the 30S IC. The cryo-EM densities attributed to the 30S 
subunit, IF2, fMet-tRNAfMet, and IF3 are colored in light yellow, green, red, and orange, 
respectively. Figure reproduced from (Julian et al., 2011). Landmarks: h, head; sh, shoulder; sp, 




1.4. Prokaryotic translation elongation 
Translation elongation is a multi-cycle process; in each cycle the nascent polypeptide 
chain is elongated by one amino acid at the C-terminal end. It can be further divided into three 
stages: aa-tRNA selection (or called decoding), peptidyl transfer and mRNA-tRNA2 
translocation (reviewed in (Frank et al., 2007; Ramakrishnan, 2002; Schmeing and 
Ramakrishnan, 2009; Voorhees and Ramakrishnan, 2013)). In aa-tRNA selection, the ribosome 
selects the cognate aa-tRNA, delivered in an aa-tRNA•EF-Tu•GTP ternary complex, based on 
codon-anticodon Watson-Crick interactions. The GTP hydrolysis on EF-Tu facilitates aa-tRNA 
selection. The cognate aa-tRNA is then accommodated into the A site of the 50S subunit. In 
peptidyl transfer, the peptidyl chain linked to the P-site tRNA is transferred to the A-site aa-
tRNA, growing the peptide chain by one amino acid. In translocation, the tRNAs move one 
position toward the E site and mRNA moves by one codon, readying the ribosome complex for 
the next cycle of elongation. The GTP hydrolysis by EF-G promotes translocation. 
 
1.4.1. Decoding 
Translation combines high fidelity and high efficiency, with an error rate of ~10-5 aa and 
an in vivo translation rate of 10 – 20 aa/s. The high fidelity is largely attributed to the decoding 
step (although post-peptidyl transfer quality control also contributes (Zaher and Green, 2009a)), 
and can be explained by a combination of kinetic proofreading and induced-fit mechanisms 
(Rodnina and Wintermeyer, 2001b). The kinetic proofreading mechanism was initially proposed 
in the 1970s (Hopfield, 1974; Ninio, 1975), and later supported by biochemical and kinetic 
studies (Johansson et al., 2008a; Johansson et al., 2012; Pape et al., 1999; Thompson and Stone, 




Geggier et al., 2010). In the kinetic proofreading mechanism, the accuracy of aa-tRNA selection 
is the product of the accuracies of two steps, before and after the irreversible GTP hydrolysis, 
termed initial selection (including codon recognition and GTPase activation) and proofreading 
(including EF-Tu release and aa-tRNA accommodation), respectively. Moreover, the induced-fit 
mechanism states that the cognate codon-anticodon interactions exclusively (besides a small 
fraction of near-cognate interactions) induce a series of conformational changes, including the 
distortion of the aa-tRNA, the closure of the 30S subunit, and the conformational changes of EF-
Tu, which accelerate the GTPase activation and aa-tRNA accommodation (reviewed in (Rodnina 
and Wintermeyer, 2001a; Voorhees and Ramakrishnan, 2013; Zaher and Green, 2009b)). 
The aa-tRNA selection can be dissected into multiple kinetically-resolved steps: the 
binding of an aa-tRNA•EF-Tu•GTP ternary complex to the ribosome, codon recognition, GTPase 
activation, GTP hydrolysis, inorganic phosphate (Pi) release, EF-Tu conformational change and 
release, and the accommodation of aa-tRNA (Fig. 1.6) (reviewed in (Frank and Gonzalez, 
2010)). In Fig. 1.6, specifically, state 0 (S0) is the post-translocation complex (POST), which 
contains a P-site peptidyl-tRNA in the classical P/P configuration, and an E-site deacylated tRNA 
in the classical E/E configuration. Step 0→1 is the binding of aa-tRNA•EF-Tu•GTP ternary 
complex to the ribosome via the L7/L12 stalk. Step 1→2 is codon recognition, the probing of the 
mRNA codon by the aa-tRNA anticodon at the DC. Step 2→3 is GTPase activation in which 
most of the cognate and a fraction of near-cognate ternary complexes are bound sufficiently long 
to induce conformational changes of EF-Tu necessary for GTP hydrolysis. The alternative step 
2→3 (k3’) is the irreversible dissociation of noncognate and a fraction of near-cognate ternary 
complexes, as their binding to the ribosome fails to stabilize. Step 3→4 is GTP hydrolysis on EF-




irreversible departure of EF-Tu·GDP, and accommodation of cognate aa-tRNA. Alternative step 
5→6 (k6’) is the conformational change of EF-Tu, irreversible departure of EF-Tu•GDP, and 
irreversible departure of near-cognate aa-tRNA. Step 6→7 is the irreversible peptidyl transfer 
and the departure of E-site tRNA. Note that the precise timing of the E-site tRNA departure is 
not known. State 7 (S7) is the pre-translocational complex (PRE) in the macrostate I (MS-I) 
conformation, which contains an A-site peptidyl-tRNA, and a P-site deacylated tRNA. In MS-I, 
the ribosome is in the nonrotated conformation, the tRNAs are in their classical A/A and P/P 
positions, and the L1 stalk is in the open conformation.  
The rate constants of the steps in decoding have been determined by ensemble kinetics 
studies in Wintermeyer and Rodnina groups (Gromadski and Rodnina, 2004; Kothe and Rodnina, 
2006; Pape et al., 1999; Pape et al., 1998; Rodnina et al., 1996; Wohlgemuth et al., 2010), but 
they are not fully comparable with those in Ehrenberg group (Johansson et al., 2008b; Johansson 
et al., 2011) or those determined by single-molecule FRET studies (Blanchard et al., 2004a; 
Geggier et al., 2010), presumably due to differences in experimental conditions. Based on the 
rate constants determined by Rodnina group, I performed a kinetic simulation on decoding to 
guide the time-resolved cryo-EM study on decoding (see Section 5.3). Notably, one of the 
smFRET studies revealed an intermediate state with 0.35 FRET ratio, which was attributed to the 
state after codon recognition (S2) (Blanchard et al., 2004a). Due to its transient nature, this 0.35 
FRET state has not been structurally characterized. This demonstrates the necessity for a 
methodology that can capture transient conformations, such as the time-resolved cryo-EM 
technique (see Section 2.4). 
The detailed conformational changes induced by cognate codon-anticodon interactions 




recognized from base-pairing geometry by 16S rRNA nucleotides 530, 1492, and 1493 in the DC 
(see Section 1.2.2. Interactions in the A site). Codon recognition induces large-scale domain 
closure of the 30S subunit (Ogle et al., 2002), bringing the 30S shoulder domain into contact 
with EF-Tu, and shifting regions in domain 2 of EF-Tu. Codon recognition also stabilizes the aa-
tRNA in a distorted configuration, called A/T configuration, which allows simultaneous 
interactions of the anticodon with mRNA and of the acceptor arm with EF-Tu (Stark et al., 1997; 
Valle et al., 2002; Valle et al., 2003b). These conformational changes permit GTP hydrolysis by 
the catalytic residue His84 in EF-Tu, as confirmed by crystallography (Schmeing et al., 2009). 
After GTP hydrolysis and EF-Tu release, the distorted aa-tRNA is held on the ribosome almost 
entirely by the interactions in the DC. The strain from distortion on the aa-tRNA is relieved 
either by accommodation (thus adopting A/A configuration) or by dissociation from the 
ribosome. The rate of accommodation is faster for cognate than near-cognate tRNAs (Gromadski 





Figure 1.6 Schematic steps in decoding and peptidyl transfer processes, and corresponding 
cryo-EM maps. The rate constant of each step is denoted k1 – k7 and k-1 – k-4. In the cryo-EM 
maps, tRNAs are colored according to their positions (pink, A site; green, P site; orange, E site). 
Cryo-EM map I: post-translocation complex, from Valle and coworkers (Valle et al., 2003a). 
Cryo-EM map II: The use of guanylyl iminodiphosphate (GMP-PNP) traps EF-Tu in the GTPase 
activated form, and prevents GTP hydrolysis (Frank et al., 2005). Cryo-EM map III: After GTP 
hydrolysis, kirromycin prevents phosphate release and EF-Tu conformational change, and locks 
the ternary complex in the A/T conformation (Valle et al., 2003b). Cryo-EM map IV: pre-
translocation complex in macrostate I conformation, from Agirrezabala and coworkers 




1.4.2. Peptidyl transfer 
The peptidyl transfer reaction, or peptide bond formation, is the central step of protein 
synthesis, in which the α-amino group of the aa-tRNA nucleophilically attacks the aminoacyl 
ester of the peptidyl-tRNA (Fig. 1.7A). The catalytic center is composed primarily of 23S rRNA, 
(see also 1.2.3. Peptidyl-transferase center), as shown by crystal structures of the 50S subunit 
with simplistic substrates (minimal oligonucleotide) (Schmeing et al., 2005), as well as 70S with 
intact tRNA substrates (Fig. 1.7B) (Voorhees et al., 2009). Structural studies also showed that the 
r-protein L16 and the N-terminal of L27 are ordered in the PTC owing to their interactions with 
the tRNA substrates (Voorhees et al., 2009), consistent with the observations that deletion of 
them both decrease the rate of peptidyl transfer (Maguire et al., 2005; Moore et al., 1975).  
The ribosome accelerates the rate of peptide bond formation by about 107-fold relative to 
the uncatalyzed rate in solution; and this acceleration can be attributed solely to the entropic 
effects (Sievers et al., 2004). This result indicated that the peptidyl transfer on the ribosome is 
catalyzed mainly by positioning of the substrates in the active site and shielding the reaction 
from solvent water. Consistent with this interpretation, mutations of functional groups on the 
rRNA backbone have been reported to have only modest effects on the rate of peptidyl transfer, 
e.g. removal of the 2’-OH of A2451 decreases the rate by 60-fold (Erlacher et al., 2005).  
The 2'-OH of A76 in the peptidyl-tRNA substrate is widely accepted to precisely position 
the reactive moieties through an extensive network of hydrogen bonds that allows proton 
movement through them (Fig. 1.7C) (Weinger et al., 2004; Zaher et al., 2011). Mutation of 2’-
OH of A76 resulted in about 100-fold decrease in the rate of peptide bond formation on 





Figure 1.7 Peptidyl transfer reaction on the ribosome. (A) Schematic of the peptide bond 
formation reaction. Ade is short for adenine. (B) Binding of tRNAs to the PTC in the crystal 
structure of 70S ribosome complex (Voorhees et al., 2009). (C) The interactions of the α-amino 
nucleophile with the 2’-OH of A76 of peptidyl-tRNA and with N3 of A2451 of 23S rNRA, as 
part of an extensive network of hydrogen bonds (Schmeing et al., 2005). Figure reproduced from 





After the peptidyl transfer, the ribosome contains a deacylated tRNA and a peptidyl tRNA 
in the P site and A site, respectively. In the next step, translocation, the mRNA moves by 
precisely one codon towards the E site (except when errors or programmed frame-shifts occur), 
exposing the next codon in the A site. Concomitantly, the A- and P-site tRNAs move to P and E 
sites, respectively, requiring a large movement of about 50 Å for the acceptor end of the P-site 
tNRA. This tRNA movement is accompanied by the large-scale conformational changes of the 
ribosome complex, which is facilitated by EF-G (reviewed in (Frank et al., 2007; Ramakrishnan, 
2002; Schmeing and Ramakrishnan, 2009; Voorhees and Ramakrishnan, 2013)). 
Translocation proceeds via intermediate (hybrid) states, in which the tRNAs move first 
relative to the 50S subunit, then relative to the 30S subunit together with the mRNA. This 
hybrid-state model was proposed in the 1960s (when it was unclear whether the tRNAs first 
move relative to the 30S or 50S subunit) (Bretscher, 1968), and first demonstrated by chemical 
footprinting experiments two decades later (Moazed and Noller, 1989). This footprinting study 
showed that after peptide bond formation, the acceptor ends of the tRNAs spontaneously assume 
A/P and P/E hybrid states, in which the tRNA anticodons and mRNA remain anchored on the 
30S subunit, while the tRNA acceptor ends move from A and P sites to P and E sites, 
respectively, on the 50S subunit. In the second step, following EF-G binding and GTP 
hydrolysis, the tRNA anticodon stem loops and mRNA move with respect to the 30S subunit, 
restoring the canonical state of the ribosome with an empty A site.  
Recent structural, biochemical, and single-molecule FRET studies have shed light on the 
detailed mechanisms of translocation, although many questions still remain. Initial cryo-EM 




to the ribosome (Valle et al., 2003a). More recent cryo-EM studies employing computational 
classification of ribosomal complexes clearly showed the hybrid states even in the absence of 
EF-G (Agirrezabala et al., 2008; Julián et al., 2008). Compared with the classic ribosome 
complex, the ribosome complex containing hybrid A/P and P/E tRNAs (Fig. 1.8B) has a 30S 
subunit that has rotated by about 6° counterclockwise relative to the 50S subunit (as viewed from 
the 30S subunit side of the intersubunit interface) (Agirrezabala et al., 2008; Julián et al., 2008), 
therefore called rotated ribosome (Frank and Agrawal, 2000). In the rotated ribosome, the L1 
stalk moves inward (toward P site) to interact with the deacylated tRNA in the A/P hybrid state 
(Valle et al., 2003a). The structure of rotated ribosome complex containing P/E tRNA and EF-G 
has also been determined by crystallography using a GTP analog or fusidic acid, providing new 
insights into the molecular mechanism of translocation (Gao et al., 2009; Pulk and Cate, 2013; 
Tourigny et al., 2013; Zhou et al., 2013). 
Single-molecule FRET studies have greatly contributed to the understanding of ribosome 
dynamics in translocation. After peptidyl transfer, the ribosome spontaneously undergoes 
intersubunit rotation, and exists in an equilibrium between the classic and rotated states 
(Blanchard et al., 2004b). EF-G binding stabilizes the rotated state (Blanchard et al., 2004b; 
Cornish et al., 2008). Viomycin, an antibiotic which prevents translocation, stabilizes the rotated 
state of the ribosome in the absence of EF-G (Ermolenko et al., 2007), suggesting the 
intersubunit rotation is required for translocation. This is consistent with in vitro assays showing 
that cross-linking of the ribosome subunits abolished peptide synthesis (Horan and Noller, 2007). 
Moreover, the deacylated tRNA adopts the hybrid P/E state before the peptidyl-tRNA adopts A/P 
state (Munro et al., 2007). The L1 stalk moves to interact with the deacylated P-site tRNA in the 




Valle et al., 2003a); although one group suggested that the movements of the L1 stalk and P-site 
tRNA are coupled (Fei et al., 2008; Fei et al., 2011), whereas other groups proposed that the 
movements are only loosely coupled (Ly et al., 2010; Munro et al., 2010).  
The second step in translocation is the movement of tRNAs and mRNA relative to the 
30S subunit. The first question is whether the tRNAs and mRNA strictly move together. Kinetic 
studies showed that the rates of mRNA and tRNA translocation are the same (Savelsbergh et al., 
2003; Studer et al., 2003). Fluorescence-based studies showed that the translocation of mRNA 
occurs during the reverse rotation (from the rotated to the classic state) of the ribosome 
(Ermolenko and Noller, 2011). These observations support the idea that mRNA and tRNAs move 
together relative to the 30S subunit, while maintaining the base-pairing between them. 
Furthermore, a cryo-EM study revealed a ribosome intermediate state containing a P/E hybrid 
tRNA and an A/A classic tRNA (Fu et al., 2011), indicating that the A- and P-site tRNAs may 
move separately. 
The second question is how the large-scale conformation changes of the ribosome relate 
to the mRNA and tRNA translocation relative to the 30S subunit. The ribosomal conformation 
changes include intersubunit rotation (and back rotation), 30S subunit head swivel, and L1 stalk 
movement (Agirrezabala et al., 2012; Ratje et al., 2010). Cryo-EM and crystallography studies 
have visualized various intermediate conformations of ribosome complexes during translocation, 
but they are not fully consistent with each other, for instance on the role of 30S subunit head 
swivel. Crystallography studies suggested that the 30S head swivel is required to open a “gate” 
between the head and platform of the 30S subunit to allow tRNA translocation, because the 
ribosome in the classic state contains a gate which prevents the movement of tRNA anticodon 




study revealed a series of partially rotated ribosome intermediates with varying degrees of head 
swivel, suggesting that the head and tRNAs move together in translocation (Ratje et al., 2010). A 
kinetic study also suggested that the head swivel is coupled with mRNA translocation (Guo and 
Noller, 2012). 
The third question is the role of EF-G in the translocation relative to the 30S subunit. It is 
generally accepted that GTP hydrolysis by EF-G precedes translocation (Rodnina et al., 1997). 
The GTP-bound form of EF-G bound to the ribosome (Valle et al., 2003a) is significantly altered 
compared to the GDP-bound or apo-form of EF-G determined by crystallography (AEvarsson et 
al., 1994; Czworkowski et al., 1994). This comparison suggests that conformational changes of 
EF-G upon GTP hydrolysis may promote ribosome reverse rotation and the movement of tRNAs 
and mRNA. Indeed, kinetic analysis suggested that GTP hydrolysis drives ribosomal 
conformational changes, which precede and limit the rates of mRNA and tRNA translocation 
(Savelsbergh et al., 2003). 
Another long-standing question is at what point the E-site deacylated tRNA leaves the 
ribosome. The allosteric three-site model, supported by some experiments, proposed that 
occupation of the A site after decoding releases the E-site tRNA, and occupation of the E site 
decreases the affinity of the A site (reviewed in (Nierhaus, 1990; Wilson and Nierhaus, 2006)). 
This model indicates that the E-site tRNA is important for the accuracy of decoding. It also 
suggests that the E site is occupied by deacylated tRNA in an actively elongating ribosome, 
occluding the E-site binding translation factors such as EF-P and EttA (see Chapter 5). However, 
some recent studies contradict the allosteric three-site model. A single-molecule FRET study 
using zero-mode waveguides showed that the dissociation of deacylated tRNA from the E site is 




al., 2010). Some biochemical experiments showed that E-site tRNA did not increase the fidelity 
in the A site (Petropoulos and Green, 2012), but this study was criticized (Nierhaus and Pech, 





Figure 1.8 Classic- and hybrid-state ribosomes. (A) Classic-state ribosome containing A/A 
and P/P tRNAs. 30S subunit, yellow; 50S subunit, blue; A-site tRNA, magenta; P-site tRNA, 
green. Labels: h, 30S subunit head; bk, beak; sp, spur; CP, central protuberance; L1, L1 stalk; 
L7/L12, L7/L12 stalk. (B) Hybrid-state ribosome containing A/P and P/E tRNAs. Color scheme 
is the same as (A). (C) Superimposition of aligned 30S and 50S subunits shown from the 
intersubunit interface. The subunits of the classic-state ribosome are shown in transparent gray, 
and the subunits of the hybrid-state ribosome are shown in solid yellow (30S) and blue (50S). 
Labels: S19, 30S subunit r-protein S19; S13, r-protein S13; h23, 30S subunit helix 23; h44, helix 
44; L5, 50S subunit r-protein L5; H38, 50S subunit helix 38; H68, helix 68; H69, helix 69; H76, 




1.5. Summary of the following chapters 
In Chapter 2, I introduce the principles of cryo-EM and single-particle reconstruction, 
and the development of time-resolved cryo-EM. In Chapter 3, I describe the development of a 
computational method in the classification of cryo-EM data. As a step toward fully automated 
classification, the jumper analysis can determine the number of distinguishable classes of 3D 
reconstruction based on the statistics of cryo-EM particles. In Chapter 4, I document the 
collaborative studies on a new translation factor, EttA. I worked with colleagues on the cryo-EM 
study of EttA-70S ribosome complex, which provided structural insights into the mechanism of 
EttA in translation regulation. In Chapter 5, I discuss the improvements to a new technique, time-
resolved cryo-EM by mixing-spraying, and its application to ribosome studies. We were able to 
capture the ribosome subunit association reaction in a pre-equilibrium state, by mixing the 
subunits and reacting for 60 ms and 140 ms. We detected three 70S ribosome conformations in 
the system. Quantification of the proportions of particles assuming these conformations 
suggested that the 70S ribosome can undergo fast conformational changes upon formation, and 
reaches equilibrium among these conformations earlier than 60 ms. I also present preliminary 
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Chapter 2 Cryo-EM and Single-Particle Reconstruction Method 
 
2.1. Introduction to cryo-EM 
This chapter introduces the methodology I use in my PhD work, namely cryo-EM and 
single-particle reconstruction, and time-resolved cryo-EM. The cryo-EM method has emerged 
since 1980s and become a powerful tool for visualizing large and complex biological molecules. 
This chapter will introduce briefly the principles of cryo-EM and single-particle reconstruction, 
and the practical side of the methods, and then the development of time-resolved cryo-EM 
methods. 
Cryogenic electron microscopy (cryo-EM) method is the method of imaging frozen-
hydrated biological samples embedded in vitreous ice using transmission electron microscope 
(Fig. 2.1). Vitreous ice is a solid form of water in which the water molecules are randomly 
arranged, instead of ordered in crystalline form, because the freezing process is very fast 
(reviewed in (Dubochet et al., 1988)). A major advantage of cryo-EM, compared to 
crystallography, is that the biological samples are preserved in their native states in a user-
selected buffer solution.  
Cryo-EM can be used to take snapshots of a range of biological samples, from 
biochemically-purified molecules to unique objects such as organelles, cells or tissue sections. 
Here I focus on the single-particle cryo-EM method, in which the purified molecules are isolated 
in vitrified solution, free from intermolecular interactions, thus termed single particles. The 
biological molecules or complexes amenable to single-particle cryo-EM range from about 0.1 





2.1.1. Cryo-EM sample preparation 
The blotting method is the conventional way of preparing cryo-EM samples (see 
(Grassucci et al., 2007)). The solution containing biological samples is applied to the EM grid, 
then blotted with filter paper to remove excess solution (Fig. 2.2). The grid with a thin film of 
solution is then plunged into liquid ethane (-181 °C) merged in liquid nitrogen (-196 °C). The 
vitrification takes about 0.1 ms (Mandelkow et al., 1991). The resulting cryo-EM grid has a thin 
layer of vitreous ice, the thickness of which should be 50 nm – 100 nm. The cryo-EM grid is 
then transferred and stored in liquid nitrogen until being inserted into the EM.  
More specifically, each grid consumes about 2 µL – 5 µL of sample, at a concentration of 
0.1 mg/mL – 1 mg/mL. The blotting takes at least a few seconds, during which time some 
biological sample may adsorb to the carbon film. The EM grids usually have a metal supporting 
mesh (e.g. copper alloy or gold), and a holey carbon film over the mesh. The holey carbon film 
can be home-made with irregular holes, or nanofabricated with regularly arranged holes (e.g. 
Quantifoil grids, Quantifoil Micro Tools GmbH, and C-flat grids, Protochips, Inc.). The latter is 
particularly suitable for automated EM data collection. For single-particle studies, researchers 
usually coat the holey carbon grid with a continuous carbon film, to take advantage of the 
adsorption effect to enrich the biological sample on the carbon film. Plasma cleaning the grids, 
before applying biological samples, ensures a clean surface with desirable surface properties 
(e.g. hydrophilic or hydrophobic). Moreover, to ensure the reproducibility of EM sample 
preparation, the blotting equipment often has an environmental chamber, which maintains high 






Figure 2.1 Schematic of cryo-EM and single-particle reconstruction. Arrows symbolize the 
impact of the parallel electron beam upon the specimen. Many “copies” of the molecule are lying 
in random orientations in a thin layer of vitreous ice. In the image plane, parallel projections of 
the particles are obtained at high magnification. Images of particles lying in the same orientation 
can be found by employing alignment and classification procedures. The 3D model of the 
molecule is reconstructed from a set of single-particle images. Figure reproduced from (Mitra 











2.1.2. Cryo-EM data collection 
 The principle of electron microscopy is analogous to light microscopy, with an electro-
magnetic field as lenses to deflect electrons. The EM consists of an electron source, a lens 
system (including condenser lens, objective lens, objective aperture, and projector lens), an 
imaging system (which can be a viewing screen, a photographic film, a charge-coupled device, 
or a direct detector device), and a specimen loading system (Fig. 2.3).  
The electron sources available include a heated tungsten filament, a LaB6 crystal, and 
single crystal tungsten (field emission gun, FEG) (Spence, 2013). The field emission gun, by far 
the most advanced electron source, has a small size (10 – 25 nm tip radius), and emits coherent, 
near monochromatic, high current density electrons. The thermally emitted electrons are 
extracted by a potential gradient and accelerated through voltages of 80 – 300 kV. In contrast to 
light microscopy, the wavelength of electrons in an EM is very short (about 2.5 × 10-12 m in a 
200 kV TEM), not a limiting factor of resolution. 
The accelerated electrons, traveling at a speed a sizeable fraction of the speed of light, are 
directed through the electro-magnetic lens system to interact with the specimen and form an 
image. The condenser lenses convert the diverging electrons into a parallel beam. The objective 
lens, immersing or after the specimen, focuses the parallel electron beam. An objective aperture 
is placed in the back focal plane of the objective lens to remove electrons scatted at high angles 
and increase the image contrast. The objective lens provides the primary magnification (20 – 
50×); and the projector lens provides further magnification (about 1000×), before the electrons 
reach the imaging system.  
The electro-magnetic lenses have defects, mainly including spherical, chromatic, and 




expressed as the contrast transfer function (CTF) of the microscope, which play an important 
role in image formation. Because of the imperfection of lenses, a sharp dot is imaged as a blur, 
which is described by a point spread function (PSF) of the imaging system. The Fourier 
transform of PSF is the product of the CTF and an envelope function describing the damping 
factors. It should be noted that the lens aberrations are not always a bad thing. For example, the 
combined effects of spherical aberration and image defocus can be used to increase the image 
contrast of biological samples. 
The images have low contrast because frozen-hydrated biological samples can be 
approximated as weak phase objects (see (Frank, 2006; Orlova and Saibil, 2011)). Because 
biological molecules consist of mainly light atoms (C, H, O, N, and P), they mainly deflect the 
electrons at small angles, rather than absorbing the electrons. Therefore, biological molecules 
produce very little amplitude contrast (about 7% for 120 kV cryo-EM (Toyoshima and Unwin, 
1988); higher voltage, lower amplitude contrast), and mainly phase contrast, which stems from 
the interference of elastically scattered electrons with the unscattered beam. However, the small 
fraction of absorbed electrons can still cause radiation damage to the biological sample, 
including ionizing the atoms, generating free radicals, rearranging chemical bonds, which all 
change the specimen structure. To minimize radiation damage, the frozen-hydrated biological 
samples are typically imaged using a low dose of electrons (1 – 20 e–/Å2 for 120 kV – 300 kV).  
The imaging systems convert the electron charges into light or voltage signals for visual 
examination and image recording. For single-particle reconstruction, a large number of images 
need to be recorded and digitized. The image recording systems include photographic films, 
charge-coupled devices (CCD), and direct detector devices (DDD). A film contains a thin layer 




electron charges. The film is then developed, transforming the silver halide into visible silver 
grains, to show a gray-scale image. The optical density (OD) of the film image increases linearly 
with the irradiation dose (below a saturating dose). The film typically used in 100 kV – 300 kV 
TEM is Kodak SO-163. The advantages of films include fine pixel size (about 5 µm, the size of 
silver grains) and large viewing area (about 1 µm – 2 µm on specimen level). However, the 
limitations of films include additional stress on the vacuum system of EM, and need for 
development and digitization. The digitization is done using a densitometer, which is tedious and 
causes addition signal loss.  
CCD is widely used in EM, and has enabled automated data collection. The CCD camera 
contains a scintillator, fiber optics, and a photo sensor. The scintillator converts the high-energy 
electrons to photons, which travel through the fiber optics. The photo sensor of CCD converts 
the analogous light signal (photon) into electrical charge, then into digital electronic signal. The 
advantages of CCD, compared to films, include real-time readout, linear response, and large 
dynamic range, which are pre-requisites of automated data collection. The limitations of CCD 
include crosstalk of neighboring pixels (mainly due to electron back-scattering at the 
scintillator), large pixel size (typically 15 µm) and small viewing area (4k × 4k pixels most 
widely used). These limitations necessitate high magnification and large data size for single-
particle reconstruction. Nevertheless, CCD-collected datasets can reach moderate resolution (5 Å 
– 9 Å, e.g. (Chen et al., 2014; Clare and Orlova, 2010)). 
DDD is currently the most advanced digital detector, and brining exciting improvements 
in the data quality. DDD directly converts high-energy electrons to voltage signals, in contrast to 
CCD, which undergoes electron – photon – voltage conversion. One type of DDD, the hybrid 




generates the signal that is proportional to the electron energy. DDD in combination with 
complementary metal-oxide semiconductor (CMOS) enables local conversion from charge to 
voltage, and thus faster readout. DDD performs at least equal to films in terms of detective 
quantum efficiency (DQE, a measure of the effectiveness of producing high signal-to-noise ratio 
image relative to an ideal detector) and modulation transfer function (MTF, a measure of the 
faithfulness of reproducing the details of the object in the image) (Bammes et al., 2012; 
McMullan et al., 2009; Milazzo et al., 2010). Some DDD (e.g. K2 Summit, Gatan Inc.) can 
collect data in a frame-by-frame mode, imposing new requirements for data storage (on the level 
of terabytes) and processing. 
During EM specimen transfer from storage in liquid nitrogen to inside the EM column 
under high vacuum, the sample loading system ensures that the grid remains in a liquid-nitrogen 
cold, moisture-free environment. The sample loader contains a liquid nitrogen dewar at the end 
opposite to the copper tip which holds the grid. The tip is thermally equilibrated with the liquid 
nitrogen in the dewar by a conductive connection, usually a copper alloy rod. A shutter or gliding 
shield at the tip protects the grid from contacting ambient moisture during transfer. The sample 
loader is usually connected to a temperature monitoring system. It can also adjust the position 






Figure 2.3 Schematic representation of a transmission electron microscope. Figure 




2.2. Introduction to single-particle 3D reconstruction 
Each single-particle image, after correction for the lens system imperfections, is 
approximately a 2D projection of the 3D electron density map (Column potential) of the 
molecule. On a 2D micrograph, the single particles appear in various directions, or projection 
angles, of the biological molecules. The single-particle 3D reconstruction method computes the 
3D electron density map of the molecule from a set of single-particle images (Fig. 2.1). The 
method includes multiple steps: image correction, particle selection, 2D alignment and 
averaging, initial projection angle assignment and 3D reconstruction, and an iterative process of 
angular refinement and 3D reconstruction. The single-particle reconstruction is a challenging 
task, mainly because the images have low contrast and low signal-to-noise ratio (SNR), and lack 
the information of projection angle. Moreover, classification based on the 
conformational/compositional differences of molecules is required for heterogeneous datasets 
(see Section 2.2.3). 
The SNR is low due to the low dose of electrons used for imaging to avoid excessive 
radiation damage to the biological samples. To increase the SNR, the images need to be aligned 
in two dimensions (including in-plane rotation and translation, to align with a reference image) 
and then averaged. Averaging is only applicable when particles represent the same view of 
replicates of molecules. Therefore, classification of the images is necessary, to group the 
particles according to the projection angles, as well as compositional and/or conformational 
similarities (see Section 2.2.3).  
To perform 3D reconstruction, another challenging task is to find the projection angle for 
each particle. There are two methods to obtain a set of initial angle assignments and generate an 




relates different projections (at least three) of a structure to one another using the common lines, 
along which the Fourier transforms of the projections are identical in the absence of noise 
(Crowther et al., 1970). The common-lines method requires high SNR images, therefore requires 
2D alignment and averaging. It does not determine the absolute handedness of the structure, for 
which prior knowledge is needed. On the other hand, the random conical tilt method is 
applicable for molecules having preferred orientation on the grid, and requires a pair of images 
collected at high tilt and no tilt. From this set of images of known orientation around a cone of 
angles, the 3D map can be computed with the correct handedness, although with some distortion 
due to the missing cone (Radermacher et al., 1987). Furthermore, for 3D reconstruction with a 
known reference volume, the particles are compared with many reference projections that cover 
the entire angular space evenly to obtain the angle assignments. A new 3D reconstruction is then 
computed, which can be used as a new reference volume in an iterative angular refinement 
scheme (see Section 2.2.2). 
 
2.2.1. Particle picking procedure 
Single-particle reconstruction begins with selecting individual particles from the raw 
micrographs by using manual or automated particle-picking programs. The particle-picking 
problem can be divided into two steps: (1) particle selection from the micrographs, and (2) 
particle verification, in which the “true” particles representing biological molecules are 
distinguished from falsely selected non-particles (e.g. contaminants, ice blobs, or noise) 
(Langlois et al., 2014). Particle selection usually employs a cross-correlation search of the whole 
micrograph with one or more template images, e.g. reference projections. The cross-correlation 




avoid selecting non-particles. Non-particles can be removed in the verification step on the basis 
of particle size, density, and texture, as well as the application of edge detection (reviewed in 
(Nicholson and Glaeser, 2001)) and neural network techniques (Ogura and Sato, 2004). 
Manual particle picking aided by computer program (e.g. (Chen and Grigorieff, 2007; 
Shaikh et al., 2008a)) has been a significant bottleneck of single-particle reconstruction, taking 
weeks of repetitive work, because hundreds of thousands of particles are required for 
reconstruction at near-atomic resolution. Development of automated particle picking program 
has seen great progress in the recent years. For example, a machine-learning algorithm has been 
implemented, which can be trained by users to identify true from false particles (Arbelaez et al., 
2011; Langlois et al., 2011; Zhao et al., 2013). In the time-resolved cryo-EM study of ribosome 
subunit association (see Section 5.2), we used an automated particle-picking program called 
AutoPicker developed in the Frank lab (Langlois et al., 2014). AutoPicker is a modified 
template-matching program, which identifies a set of candidate particles from the micrographs 
and rejects high-contrast contamination and noise using an unsupervised learning procedure. 
 
2.2.2. Three-dimensional reconstruction 
This section briefly introduces the principles and implementations of reference-based 3D 
reconstruction (see (Frank, 2006) for a detailed introduction). First, in 3D projection matching 
step, each particle image is compared with all reference projections that evenly cover the entire 
angular space, and is assigned an optimal projection angle. Then the 3D map (object) is 
computed using one of several techniques, including real space and Fourier interpolation 
techniques. Real space techniques include weighted back-projection and iterative algebraic 




Weighted back-projection is widely used, because it is fast compared to iterative 
methods. Back-projection is the inverse operation of projection, which “smears out” a 2D image 
into a 3D volume (called “back-projection body”) along the direction normal to the image plane. 
The sum of all back-projection bodies from a number of 2D images is approximately a blurred 
version of the object. Analysis in Fourier space shows that Fourier amplitudes at low spatial 
frequencies are overemphasized compared to those at high spatial frequencies. Therefore, 
weighted back-projection employs a 3D weighing function in Fourier space to counterbalance 
this effect and restore the fine details of the object. 
The iterative algebraic methods include Algebraic reconstruction technique (ART) and 
simultaneous iterative reconstruction technique (SIRT). The principle is that each projection 
image can be described as the sum of the object along a certain direction, thus the relationship 
between the object and a set of projection images can be formulated as a set of algebraic 
equations. The strategy is to start with an initial estimate of the object, and iteratively update the 
object to correct for the discrepancy between each pair of experimentally observed projection 
and calculated projection. The iterative algebraic methods take more computational time than 
weighted back-projection, but are more flexible, capable of incorporating various nonlinear 





Figure 2.4 Scheme of the Fourier interpolation method for single-particle 3D 




Fourier interpolation techniques directly use the projection theorem, and regard the 
Fourier components of the projections as samples of the Fourier transform of the 3D map (Fig. 
2.4). The projection theorem states that each 2D projection is a central section of the Fourier 
transform of the object. In practice, these Fourier components of the projections do not coincide 
with the regular 3D Fourier grid, leading to a Fourier interpolation problem. Several methods 
have been designed to make the Fourier interpolation approach numerically feasible. Like 
weighted back-projection method, Fourier interpolation techniques make use of only the 
projection data, and do not consider the noise explicitly. 
 
In practice, there are some issues worth noting, including CTF correction, amplitude 
correction, resolution, and preferred orientation problem.  
CTF correction is the procedure of eliminating the CTF effects on the micrograph, thus 
restoring a faithful projection of the object. CTF effects have been extensively studied in the 
interest of image analysis; interested readers could find several sections on this topic in reference 
(Frank, 2006). As mentioned in Section 2.1.2, the projection image is convoluted by the PSF of 
the EM, which is related to the CTF in Fourier space. Dependent on the defocus value, features 
in the image at certain spatial frequency points have zero contrast, and in some spatial frequency 
range have reverse contrast.  
CTF correction can be performed either on all particle images before 3D reconstruction, 
or separately on each reconstruction obtained from a set of micrographs with the same defocus 
settings, before the reconstructions are combined. Here only the first method is described. First, 
CTF of each micrograph is determined by comparing the square root of rotationally averaged 




value in the model. Second, CTF correction can be done through various methods, including: (1) 
phase flipping in the spatial frequency regions that have reverse contrast, and (2) multiplying the 
Fourier transform of the image with a Wiener filter, which corrects for both phase and amplitude 
and suppresses noise near CTF zeroes. Lastly, the information near CTF zeroes cannot be 
restored, therefore images taken at various defocus settings need to be combined to restore 
information in every spatial frequency.  
Amplitude correction is a procedure at the end of 3D reconstruction to uncover the fine 
details in the map, by rescaling the Fourier amplitude spectrum according to a reference atomic 
structure, e.g. an X-ray solution scattering curve (Gabashvili et al., 2000). The reason for doing 
amplitude correction is that alignment, averaging and reconstruction usually overemphasize the 
low spatial frequency information.  
Resolution of a 3D reconstruction reports up to which point in the Fourier space the 
object-related features are reproducibly represented in the 3D map. To assess the resolution, two 
reconstructions, which are calculated from two randomly split half sets of the total dataset, are 
compared in Fourier space using various criteria. An alternative measure of resolution is based 
on the spectral signal-to-noise ratio (SSNR), which is based on the measurement of the SNR as a 
function of spatial frequency. The SSNR method directly relates to the Fourier-based resolution 
criteria commonly used in crystallography. It is widely accepted that what matters is not a 
number reporting the resolution, but what the map shows. At about 9Å and 4.5Å resolution, α-
helices and β-strands should be resolved, respectively (Orlova and Saibil, 2011). Reconstructions 
of lower resolution can also provide important biological insights. 
Some biological molecules display preferred orientations on the grid, mainly due to its 




certain directions. In this case, the resolution of the map becomes anisotropic (different along 
directions), and the map appears distorted. To decrease the map distortion, a solution is to 
decrease the weight of the particles along the preferred orientations, and use interpolation to 
guess the missing information. 
 
Several software packages are available for processing single-particle image data, 
including IMAGIC (van Heel et al., 1996), SPIDER (Frank et al., 1981; Shaikh et al., 2008b), 
XMIPP (Sorzano et al., 2004), EMAN (Tang et al., 2007), FREALIGN (Grigorieff, 2007), and 
RELION (Scheres, 2012a). SPIDER and RELION are briefly introduced below, which are the 
major computational tools of this work.  
SPIDER (System for Processing of Image Data from Electron microscopy and Related 
fields), developed in the Frank lab since 1978, is one of the first EM image processing software 
packages that met the need for modularity (reviewed in (Frank, 2009)). Each module realizes a 
single operation on the image, such as translocation, Fourier transform, and cross-correlation; it 
is independent on the other modules and communicates with the others via a common database. 
Various 3D reconstruction algorithms have been implemented in SPIDER, making it highly 
versatile. Therefore, although written in FORTRAN language, SPIDER is still widely used by 
the structural biology community. 
RELION (REgularized LIkelihood OptimizatioN) implements a Bayesian approach to 3D 
reconstruction and classification (see Section 2.2.3). The Bayesian approach to structure 
determination aims to find the structure model that optimizes a single target function, the 
“posterior probability” of the model being the correct one in the light of both the observed data 




resolution estimates while requiring acceptable computational costs and very little user 
intervention (Scheres, 2012a). It is gaining popularity in the cryo-EM community. 
 
2.2.3. Classification of single-particle images 
Initially (1990s - 2000s), single-particle reconstruction required a homogeneous 
biological sample to bypass the classification based on different compositions and/or 
conformations, in which all particles represent identical copies of the molecule (Frank and 
Gonzalez, 2010). Recently developed classification methods have enabled resolving multiple 
structures/conformations of the molecules from cryo-EM data obtained on a heterogeneous 
biological sample (e.g. (Agirrezabala et al., 2012; Fischer et al., 2010; Scheres et al., 2007)).  
The classification methods can be divided into two categories, supervised and 
unsupervised methods (Frank, 2006). Supervised classification utilizes two or more 3D density 
maps as references, and separates the particles based on their similarities to these references. 
This approach has been used to increase the occupancy of a ligand (Valle et al., 2002) and to 
distinguish conformational states of ribosome complexes (Gao et al., 2004). The supervised 
classification methods have the danger of reference bias. In the extreme case of reference bias, 
images of merely noise can result in an averaged image resembling the projection of the 
reference (Shaikh et al., 2008a).  
Unsupervised classification groups the particles based on their mutual similarities. 
Although a low-resolution 3D map may be needed for the initial 2D alignment, unsupervised 
classification methods are largely immune to the reference bias problem. Therefore, 
unsupervised classification methods are more preferable than supervised classification, although 




iterative schemes of 2D alignment and classification. A general unsupervised classification 
method is multivariate statistical classification (van Heel, 1984), which is a form of K-means 
clustering procedure. This method iteratively minimizes the sum of squared error of each particle 
relative to a template, which is generated by averaging all particles within the cluster in the 
previous iteration. 
One important improvement in the unsupervised classification methods is treating the 
class identity of each particle (i.e., which structure of the molecule a particle represents) as a 
probability distribution among classes, instead of an all-or-none class assignment. This idea is 
exemplified in the maximum-likelihood (ML)-based classification methods (Scheres et al., 2009; 
Scheres et al., 2005; Scheres et al., 2007; Yin et al., 2003). ML methods aim to find the values of 
a set of parameters, which maximize the likelihood function of the parameters given the 
observed particles. In the case of cryo-EM single-particle reconstruction, these parameters 
include the 3D reconstruction of each class, the class identity, the projection angle relative to the 
3D map, and the 2D rotation and translation. The ML estimator is an intuitive and popular point 
estimator. However, ML estimator of cryo-EM data is susceptible to the over-fitting problem, 
i.e., treating noise as signal erroneously, because the cryo-EM data set is finite in size, noisy and 
lacking the projection angle information (Scheres, 2012b). 
To address the over-fitting problem, additional constraints are needed. One method is to 
use the maximum a posteriori (MAP) estimator, a Bayesian approach to statistics. MAP 
estimator considers both the experimenter’s belief (prior knowledge) and the likelihood function 
of the parameters. As the observed data size increases, the MAP estimator gives more weight to 
the sample information, and less weight to the prior information. Therefore, MAP estimator 




Cryo-EM data lack the information of class identity and the projection angle for every 
particle, therefore 3D reconstruction and classification is a mathematically incomplete problem. 
The Expectation-Maximization algorithm is particularly suited to find the ML/MAP estimator 
for such an incomplete problem. It is based on the idea of alternately optimizing the set of 
parameters and the set of missing data (or hidden variables), while fixing the values of the other 
set. This optimization is performed iteratively, with its limit being the answer to the original 
problem. The Expectation-Maximization algorithm for cryo-EM has been implemented in ML3D 
(Scheres et al., 2007) and MLn3D (n stands for normalization) (Scheres et al., 2009) to find the 
ML estimator, and in RELION (REgularized Likelihood OptimizatioN) (Scheres, 2012b; 
Scheres, 2012a) to find the MAP estimator. 
It has remained a problem how to base the decisions in the classification on the statistics 
of the cryo-EM data. The above mentioned classification methods all involve various amounts of 
arbitrary decisions made by researchers, which can limit the use of these methods by 
inexperienced users. RELION has set a good example for reducing the amount of heuristics 
(Scheres, 2012b); although the users are still responsible for choosing the number of classes, 
number of iterations of the Expectation-Maximization algorithm, and the initial reference 
volume.  To further decrease the arbitrary decisions in classification, I worked with colleagues to 
develop a jumper analysis to determine the iteration of convergence and the number of 
distinguishable classes of 3D reconstruction, based on the statistics of cryo-EM particles (see 
Chapter 3).  
 
2.3. Current capabilities of cryo-EM and single-particle reconstruction 




over the years. The current trends in technical advances include (1) automation in data collection 
and processing, and (2) hardware improvement, especially the use of direct detector devices.  
The definition of “automation” is quoted as following: “Automation is the use of 
computers to control machinery and processes, replacing human operators” (Suloway et al., 
2005). “Automation in EM enables the elimination of repetitive, predictable user interactions 
required to manipulate, process, translate or move data between image-processing modules, 
using an intuitive mode of user learning” (Lyumkis et al., 2010). Automated EM data collection 
has enabled fast collection of large datasets on the level of tens of gigabytes to terabytes. It is 
realized by combining the digital recorders (CCD and DDD) with computer-controlled operation 
of lens settings and stage movement. Automated data collection systems include Leginon 
(Suloway et al., 2005), JADAS (Zhang et al., 2009), and FEI system. Moreover, some systems, 
such as Appion (Lander et al., 2009) and Scippion (Marabini et al., 2013), extend the automation 
to data processing, from particle picking to 3D reconstruction and classification. Scipion aims to 
integrate tools from the major software packages such as SPIDER, EMAN, XMIPP, and 
RELION, to form a reusable, traceable image-processing protocol. 
The use of DDD has greatly increased the quality of images (see Section 2.1.2), thus 
improving the resolution of reconstructions and expanding the range of amenable molecule size. 
Richard Henderson predicted that under perfect imaging conditions, it is theoretically possible to 
solve the structure of a 100 kDa molecule to near 3 Å resolution from only 10,000 particle 
images (Henderson, 1995). DDD combined with careful computation is reaching this limit for 
asymmetrical complexes. For instance, a 70S ribosome structure was solved to 6.5Å resolution 
with only 15,000 tilt-pair particles collected on a Falcon I DDD (FEI Company), using movie 




A eukaryotic 80S ribosome complex was solved to 3.4Å resolution with 37,000 particles after 
classification (Voorhees et al., 2014). Recently, two independent groups solved the structures of 
mitochondrial ribosome large subunits from various organisms to near 3Å resolution, allowing 
de novo model building and structure refinement (Amunts et al., 2014; Brown et al., 2014; 
Greber et al., 2014).  
DDD not only improves the resolution, but also enables studying the structures of smaller 
molecules. Because small molecules have low contrast in the micrograph, it is difficult to select 
them from the micrograph and align them to each other. Therefore, it has been widely 
acknowledged that the current cryo-EM and single-particle reconstruction techniques have great 
difficulty obtaining the 3D reconstruction of a protein smaller than 200 kDa at better than 20Å 
resolution (Wu et al., 2012). Nevertheless, recent hardware development, including the field 
emission gun, the phase plate (Murata et al., 2010), and DDD, has increased the image contrast. 
For example, human γ-secretase (about 200 kDa) was solved at 4.5Å resolution using cryo-EM 
data collected on Gatan K2 Summit DDD (Lu et al., 2014). Alternatively, a small protein (65 
kDa) was solved to about 13Å resolution using cryo-EM, by forming a stable and rigid complex 
with a monoclonal fragment antigen binding motif (Wu et al., 2012).  
 
2.4. Time-resolved cryo-EM 
The principle of time-resolved cryo-EM is to allow a biological reaction to proceed for a 
certain time, and then visualize the biological complexes using cryo-EM and single-particle 
reconstruction. Time-resolved cryo-EM can combine the structural study with kinetics, adding 
time information to structural studies, and also capture kinetic intermediate states in a biological 




processes involving molecular complexes under physiologically relevant conditions (without 
biochemical interventions), in order to understand the mechanisms of the molecules.  
However, the time-resolved cryo-EM method faces some practical difficulties. First, how 
to rapidly deposit the biological specimen on the EM grid is a hurdle to studying reactions on the 
time scale of tens of milliseconds. Second, the low data yield of current time-resolved cryo-EM 
methods is a bottleneck to obtaining a large dataset of single particles, which is needed for 
resolving multiple structures in one biological specimen.  
 
2.4.1. Previous methods of time-resolved electron microscopy 
Time-resolved electron microscopy (not limited to cryo-EM) has been realized in several 
groups using various methods. These studies can be divided into slow and fast processes. The 
slow processes happen on a time scale of seconds to hours, for which researchers can use the 
conventional blotting method to prepare EM samples (see Section 2.1.1) at multiple time points. 
The fast processes, on a time scale of millisecond or even shorter, require more sophisticated 
methods for sample preparation and/or data collection. Fast freezing of solution in cryo-EM 
takes less than 1 ms, therefore cryo-EM is theoretically amenable to studying reactions in the 
time range of milliseconds. The challenge is how to deposit the sample on the EM grid rapidly 
(see below). Furthermore, in the time range of sub-millisecond to femtosecond (10-15 sec), the 
structural dynamics of some photo-responsive systems, e.g. amyloid fibrils co-crystallized with 
dyes (Fitzpatrick et al., 2013b; Fitzpatrick et al., 2013a), can still be studied. The researchers 
used a so-called 4D cryo-EM technique (Zewail, 2010), by heating the sample with a 
femtosecond pulsed laser and immediately diffracting the sample with TEM, analogous to flash 




Examples of slow processes studied using time-resolved EM include: ribosome reverse-
translocation (Fischer et al., 2010), ribosome 30S subunit assembly pathway (using negative-
staining EM) (Mulder et al., 2010), and membrane-budding event in yeast (Idrissi and Geli, 
2014). Moreover, some slow chemical reactions have been studied, including tetrahydrofuran 
self-assembly (Tidhar et al., 2014) and the transformation of calcium sulfate hemihydrate to 
gypsum (Saha et al., 2012). Notably, the 30S subunit assembly study (Mulder et al., 2010) 
illustrated the idea of combining structure with kinetics to shed lights on the biological 
mechanism (Fig. 2.5). The researchers initiated the assembly reaction in vitro, and collected 
single-particle data at time points ranging from 1 min to 120 min. By classification and grouping, 
they identified more than ten assembly intermediates, including kinetically trapped molecules. 
They were able to construct the parallel 30S subunit assembly pathway that incorporates binding 






Figure 2.5 Time-resolved EM study of ribosome 30S subunit assembly pathway. (A) Over 
ten assembly intermediates were classified into four groups, which are populated in the early 
stage (red), the middle stage (green and blue), and the late stage (purple). (B) The 
thermodynamics of forming the late stage intermediates in time-resolved EM (purple line) was 
consistent with the mass spectrum results (dashed lines). (C) The parallel 30S subunit assembly 
pathway that incorporates binding dependencies, rate constants, and structural information. 




For the processes on the millisecond time scale, the challenge is how to deposit the 
specimen quickly on the EM grid. To overcome this challenge, several groups have implemented 
different methods, including photolysis, spray-freezing, mixing-spraying, and capillary suction.  
In the photolysis method (Menetret et al., 1991; Shaikh et al., 2009), the grid is pre-
coated with all the components for the reaction, one of which is in a light-sensitive cage, such as 
ATP or GTP. A flash UV light opens the cage, releasing the reagent within, and synchronizes the 
reaction. After a short controlled time interval, the reaction is quenched by freezing. The 
photolysis method is mainly limited by the availability of photoactive substrates (Shigeri et al., 
2001). 
Berriman and Unwin developed the spray-freezing method (Berriman and Unwin, 1994) 
with a customized plunger (Fig. 2.6). First, they applied one component of the reaction as an 
aqueous film on the grid by blotting, and then sprayed the second component onto the grid, 
followed by fast freezing. The second component spread and mixed with the first component 
laterally upon hitting the aqueous film. The delay time from the spray impact to freezing can be 
changed from 1 ms to 100 ms by varying the plunging distance. Using the spray-freezing 
method, Unwin observed the acetylcholine receptor in the open, activated state, by spraying 
acetylcholine and reacting for 5 ms (Unwin, 1995). The receptor opens in about 0.02 ms upon 
binding acetylcholine, and converts to the closed form after about 50 ms – 100 ms. However, the 
limitations of the spray-freezing method are twofold: First, the sprayed component is not evenly 
distributed, and mixing of reactants is limited and difficult to control. Second, reactions 






Figure 2.6 Schematic of the spray-freezing apparatus and an image of a partially spread 
droplet. (A) The spray-freezing apparatus consists of a guillotine-type plunger and a sprayer. A 
fiber optic sprayer-switch detects the movement of the plunger, and opens a valve for 
compressed nitrogen gas to set off the spray. (B) An image of a partially spread droplet 
containing ferritin and tobacco mosaic virus on the surface of a thin aqueous film containing 
turnip yellow virus. The small circle indicates the diameter of the droplet as it would have been 
before hitting the surface. The intermediate and largest circles indicate the extent of the tobacco 
mosaic virus and the ferritin particles, respectively. Mixing happens laterally through the 




Recently, the Lee group developed a method based on capillary action to prepare time-
resolved cryo-EM sample and applied it to some inorganic chemistry reactions (Croote et al., 
2013). They delivered the specimen to the grid via a capillary perpendicular to the grid, and 
placed a removal capillary parallel to the grid to spontaneously remove excess fluid. The fluid 
simulation suggests that the capillary method results in reduced shear in the specimen and lower 
absorption of particles to the grid. However, the shortest reaction time is estimated to be about 
200 ms.  
 
2.4.2. Time-resolved cryo-EM by mixing-spraying method 
In my PhD work, I improved and used the mixing-spraying method to prepare time-
resolved cryo-EM specimen, and studied the ribosome subunit association reaction (see Chapter 
5). The mixing-spraying method (Fig. 2.7) can study processes, involving two big molecules, 
that are in the sub-second time scale. The key component of this technique is the monolithic, 
microfabricated mixing-spraying chip, which incorporates a mixer, reaction channel, and 
pneumatic sprayer (Lu et al., 2009). After fast mixing (less than 1 ms)(Lu et al., 2010), the 
reaction happens in the microfluidic reaction channel whose length can be varied to reach 
various reaction times (from 4 ms to over 500 ms). At the end of the reaction channel, the 
solution meets compressed nitrogen gas and becomes a spray of droplets flying onto the EM 
grid. The major limitation of the mixing-spraying method has been low data yield, about 1,000 – 
2,000 particles per grid, compared to over 100,000 particles per grid using blotting method (Lu et 
al., 2009). In addition, the sample concentration required for mixing-spraying method is 1 – 2 
orders of magnitude higher than the blotting method, because it does not take advantage of the 
concentrating effect of the carbon layer. 
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Figure 2.7 Experimental setup of mixing-spraying method and the design of mixing-
spraying chip. (A) Experimental setup. Two solutions are injected into the mixing-spraying 
chip, mixed and reacted for a short time. The mixture solution meets nitrogen gas and is sprayed 
into droplets (liquid atomization). The droplets fly to the EM grid, which is plunging into the 
cryogen. The resulting grid contains blobs of vitreous ice where the droplets hit the surface. (B) 
Design of the mixing-spraying chip. Dashed circles indicate corresponding zoom-in images. For 
the mixer and sprayer, the images on the right are from scanning electron microscope. Numbers 
1 and 2 indicate the solution and gas, respectively. The length of the reaction channel can vary to 
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Chapter 3 Jumper Analysis in Iterative Classification of Cryo-EM Data 
 
3.1. Quantitative analysis in iterative classification schemes for cryo-EM application 
This session is a book chapter from Computational Methods for Three-Dimensional 
Microscopy Reconstruction, Editors Gabor T. Herman and Joachim Frank, Springer (2014) 67-
95. The book chapter explains the maximum a posterior expectation-maximization algorithm, 























































































































3.2. Particle migration analysis in iterative classification of cryo-EM single-particle data 
This session is a manuscript submitted to Journal of Structural Biology at a Technical 
Note. This manuscript states the mathematical and statistical principles of the Jumper Analysis, 
especially how to identify classes that may yield similar reconstructions, and demonstrates a 






















































































Chapter 4 Cryo-EM Study of EttA-70S Revealed the Mechanism of EttA in Translation 
Regulation 
 
4.1. The ABC-F protein EttA gates ribosome entry into the translation elongation cycle 
This session is a paper published in Nature Structural & Molecular Biology. The paper 
revealed the crystallographic structure of YjjK, an ATP-binding cassette protein in Escherichia 
coli, and elucidated the function of YjjK in regulating translation elongation cycle. The YjjK 
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Supplementary Figure 1: Structure-based ABC-F sequence alignment.   The secondary 
structural elements observed in the crystal structure of E. coli EttA are shown above the 
sequence alignment, with -helices represented by cylinders, -strands by arrows, and 310 
helices by circles.  Secondary structure elements are colored as in Fig. 2a in the main text.  The 
disordered protein segments are represented by dotted lines.  The alignment shows EttA 
orthologues from E. coli (ECOLI), A. tumefaciens (AGRT5), M. tuberculosis (MYCTU) and B. 
subtillis (BACSU), as well as the three additional ABC-F proteins from E. coli (YheS, Uup, and 
YbiT), the three ABC-F in humans (ABCF1, 2 and 3), the two ABC-F (ARB1 and GCN20) and 
two other non-ABC-F soluble ABC (EF3A and ABCE1/RNaseLI (RLI1)) from S. cerevisiae 
(yeast).  The alignment was initially generated using CLUSTAL-Ω 1 via the Uniprot website 
(http://www.uniprot.org/) and then manually edited using Jalview 2 to correctly align the Q loop 
motifs in all sequences and to accurately represent the structural alignment of EttA to the other 
ABC domains of known structure.  The alignment is colored according to the default CLUSTAL 
coloring code.  Large insertions compared to EttA were truncated, and the number of residues 
removed at each such site is indicated in red and flanked by “+” signs in the text of the 
alignment. 









Supplementary Figure 2: Topology diagram of EttA.   Secondary structure elements are 
colored as in Fig. 2a, with -strands represented by arrows,  -helices represented by cylinders, 
and turns of 310 helix represented by circles.  The locations of the Walker A, Walker B, and ABC 
Signature (LSGGQ/E) motifs involved in ATP binding are indicated by thick dashed lines.  The 
locations of disordered segments in the crystal structure are also indicated.  








Supplementary Figure 3: Variations in ABC  subdomain alignment in the crystal structure 
of the E. coli EttA dimer.   (a) Stereopair showing the molecular surface of a model for the ATP-
bound conformation of ABC1 and ABC2 in EttA, which was produced by applying a rigid-body 
rotation to one protomer in the crystallographically observed EttA dimer (as described in the 
legend for Fig. 2b in the main text).  The structure is colored according to subdomain in an 
equivalent manner to Fig. 2 in the main text and Supplemental Fig. 1-2 above.  The ATP 
molecules shown in gray space-filling representation are from the Na-ATP-bound MJ0796 
dimer, which was used to model the ATP-bound EttA conformation as described above.  This 
surface representation demonstrates that the ATP-binding site on the right, which is at the 
interface of the ABC subdomain in ABC1 and the ABC and F1-like core subdomains in 
ABC2, is more open that the ATP-binding site on the left, which is formed by the ABC 
subdomain in ABC2 and the ABC and F1-like core subdomains in ABC1.  This asymmetry is 
attributable primarily to the different alignments of the ABC subdomain relative to the F1-like 
core subdomain in ABC1 vs. ABC2, as shown in panels b-c below in this figure.   (b,c) Stereo 
ribbon diagrams showing ABC1 (panel b) or ABC2 (panel c) from EttA superimposed on a 
protomer from the Na-ATP-bound dimer of the E171Q mutant of MJ0796 (PDB id 1L2T), based 
on least-squares alignment of the ABC and F1-like core subdomains.  The EttA subdomains are 
colored like panel a above, while MJ076 is colored pink.  These images show that, in the 
nucleotide-free crystal structure of EttA, the ABC and F1-like core subdomains within each 
ABC domain are rotated relative to one another by 18-20˚ compared to their alignment in the 
canonical ATP-binding conformation.  Similar reorientations of these subdomains have been 







observed in other ABC domain structures that do not have the -phosphate group of ATP bound 
in the active site 3,4.  Formation of the catalytically active complex upon ATP binding to EttA 
presumably involves relative rotation of the ABC and F1-like core subdomains within both the 
ABC1 and ABC2 domains as well as a mutual rotation of these domains (as modeled in Fig. 2c) 
to bring them into the canonical ATP-sandwich conformation observed in the ATP-bound 
structures of other ABC proteins 5-7.   (d) Observed apo structure and modeled ATP-bound 
conformation of the E. coli EttA dimer.   Stereo ribbon diagrams of a model for the ATP-bound 
(solid colors) conformation superimposed on the crystallographically observed nucleotide-free 
conformation (translucent colors), based on least-squares alignment of the B protomers.  The 
crystallographically observed apo structure (Table 1) was used to model the ATP-bound 
conformation by aligning the ABC and F1-like core subdomains in ABC1 and ABC2 in 
different EttA protomers to the protomers in the Na-ATP-bound dimer of the E171Q mutant of 
MJ0796 (PDB id 1L2T).  ATP molecules from the MJ0796 dimer are represented in gray space-
filling representation.  The structures are colored as in Fig. 2 in the main text and oriented such 
that the interface of one of the two ABC1-ABC2 interfaces in the EttA dimer is visible in each of 
the two views, which are related by a 90˚ rotation around a vertical axis. 








Supplementary Figure 4: Conformational change in the PtIM in the EttA monomer vs. dimer 
and the packing interactions of the C-terminus of PtIM.   These stereopairs show the molecular 
surface of ABC2 and a ribbon representation of ABC1 and the PtIM (i.e., the interdomain linker 
between ABC1 and ABC2), colored like Fig. 2 in the main text.   (a) Crystallographically 
observed apo conformation of one ABC1-ABC2 domain pair in the EttA dimer (Supplementary 
Fig. 3 and Table 1).  This image was generated as described for Fig. 2b in the main text, i.e., by 
deletion of all the residues prior to the Lys 286 in the protomer A and deletion of all the residues 
after the Gln 278 in the protomer B.   (b) ATP-bound conformation of the EttA monomer 
modeled from the cryo-EM structure of EttA-EQ2 bound to 70S ribosomes, as presented in the 
accompanying paper 8.  Two -helices from the C-terminal half of the PtIM that pack onto the 
surface of ABC2 in the dimer structure (panel a) must undergo a conformational change to 
enable ABC1 and ABC2 in a single protomer to interact with one another in proper geometry in 
the EttA monomer (panel b).  The C-terminal segment of the PtIM (i.e., the segment after that 
undergoing the conformational change but before the start of ABC2) packs into a crevice at the 
interface between the ABC subdomain and the F1-like core subdomain in ABC2.  The 
crystallographically observed conformation of these C-terminal residues in the PtIM could 
modulate the relative rotation of ABC and F1-like core subdomains required to adopt the 
catalytically active nucleotide-sandwich conformation (described in Supplemental Fig. S3b-c). 
The cryo-EM structure of ribosome-bound EttA8 shows that the latter two -helices in the PtIM 
refold compared to their crystallographically observed conformation to form a long -helical 
hairpin in conjunction with the first -helix in the PtIM (panel a vs. b), which remains intact. 
This conformational change in the PtIM is likely to be coupled to dissociation of the EttA dimer 
that is observed in its crystal structure. 







Supplementary Figure 5: Further characterization of EttA in vitro and in vivo.   (a) Gel 
filtration analysis of purified E. coli EttA shows a slow but reversible monomer-dimer 
equilibrium. Analytical gel-filtration chromatography on a system equipped with in-line UV, 
refractive index (RI), and static light-scattering detectors (SLS) detectors was used to analyze 
two samples of WT EttA at different concentrations.  A protein fraction from the leading edge of 
the peak from a preparative gel-filtration column, representing the final step in the purification of 
EttA, was either injected directly onto an analytical gel-filtration column (red trace) or diluted 
1:1 in the elution buffer and heated for 2 hours at 37 °C prior to injection onto the same 
analytical gel-filtration column (blue trace).  The insert shows equivalently color-coded plots of 
the RI (left axis and dotted lines) and calculated molar mass (right axis and solid lines) vs. 
volume for these two chromatograms.  The same volume of protein solution (100 μl) was 
injected for both of the analytical gel filtration runs displayed here.  Debye analyses of the 
SLS/RI data indicate that the single peak in the black trace and the earlier peak in the gray trace 
have a mass-averaged molecular weight of ~126 kDa, consistent with the presence of an EttA 
dimerA (based on the 62.4 kDa predicted molecular weight of the protomer).  Debye analysis of 
the second peak in the gray trace indicates a mass-averaged molecular weights of ~64 kDa, 
consistent with the presence of an EttA monomer.  Concentration of this monomer peak and re-
injection on an analytical gel-filtration column shows a mixture of monomer and dimer.  
Analytical gel filtration chromatography was conduced on a Shodex 804 column running at 4 ˚C 
with a 0.5 ml/min flow-rate in 150 mM NaCl, 5% glycerol, 20mM Tris-HCL, pH 7.2.  SLS and 
RI detectors were from Wyatt Technology.  (b) E. coli EttA protein co-fractionates with 
polysomes. An extract of mid-log phase cultures of E. coli was fractionated using sucrose density 







gradient sedimentation either without (black trace and upper gel) or with (red trace and lower 
gel) RNaseA treatment.  The optical density of the gradients at 254 nm is shown above 
immunoblots of the corresponding fractions developed using a polyclonal anti-EttA antiserum.  
RNaseA treatment cleaves the mRNA holding the polysomes together to yield single fully 
assembled ribosomes (containing both large and small subunits) that sediment at 70S.  (c) 
Analysis of variations in EttA expression level during the E. coli life cycle.   WT or ettA 
MG1655 cells were inoculated into fresh LB medium, and the cultures were monitored during 24 
hours of growth at 37 ˚C. The graph is showing the OD600 of the MG1655 culture in gray (right 
axis) and the intensity of the signal on the immunoblot in green (left axis).  The near-IR 
fluorescence recorded from the immunoblot was quantified using ImageJ9 software.  Insert, 
Western blot analysis of total cells extracts using a polyclonal anti-EttA antibody, after growth 
for the number of hours indicated at the top of the blot.  (d) Stimulation of EttA ATPase activity 
by 70S ribosome.  Initial velocity of ATP hydrolysis (vertical axis) was measured as a function 
of ATP concentration (horizontal axis) for WT EttA alone or in the presence of 70S E. coli 
ribosomes.  Assays were performed in polymix buffer (5 mM Tris-acetate (pH 7.5), 95 mM KCl, 
5 mM NH4Cl, 5 mM Mg(OAc)2, 0.5 mM CaCl2, 2 mM 2-mercaptoethanol, 5 mM putrescine, 
and 1 mM spermidine). 
 







Supplementary Figure 6: EttA-EQ2 inhibits protein translation in vitro in complete and 
minimum translation assays.   (a) Luminescence assays were used to quantify the level of in 
vitro translation of luciferase from T7-luc mRNA using a complete in vitro translation system, 
specifically the E. coli S30 Extract System for Linear Templates (Promega).  Briefly, reactions 
containing the indicated EttA variant (or an equivalent volume of buffer) were started by adding 
T7-luc mRNA and incubated at 37 ˚C for 2 hours prior to conducting luciferase activity assays 
using a luminometer.  Background from a reaction without T7-luc mRNA was subtracted from 
the values reported here.  See the Methods section for details.   (b) Equivalent luminescence 
assay were used to quantify the level of in vitro translation of luciferase from the same mRNA 
template using a minimal in vitro translation system, specifically the PURExpress System (New 
England Biolabs).  These reactions were conducted in triplicate in 96-well plates, which were 
incubated at 37 ˚C for 2 hours prior to conducting luminescence assays using a microplate 
reader.   (c) Autoradiography was used to assay in vitro translation of the bacteriophage T4 pg32 
protein using the PURExpress system (New England Biolabs).  EttA variants were added to a 
final concentration of 5 μM, and reactions programmed with pT7gp32.1-224 mRNA were 
incubated at 37 ˚C for 2 hours prior to autoradiography of samples run a 12.5% (w/v) SDS-
PAGE gel.  Each EttA variant was added either before the mRNA (labeled “1st”), immediately 













Supplementary Figure 7: Order-of-addition experiments demonstrate that EttA-EQ2 acts after 
70S IC formation to trap ribosomes following dipeptide formation and that it can stimulate 
peptide-bond formation on the ribosome.   Minimum in vitro translation assays were conducted 
as in Fig. 4 in the main text in the presence of 0.5 mM Mg-ATP but with variations in the timing 
of addition of some components, as illustrated in the schematic diagrams on the left in panels a-
c.  Ribosomally synthesized peptides, up to 4 amino acids in length, were separated and 
quantified by autoradiography of eTLC plates, as shown on the right in panels a-c.   (a) Addition 
of EttA-EQ2 before or after formation of the 70S IC produces an equivalent inhibition of 
translation following dipeptide formation.  The tripeptide synthesis experiment shown here, in 
which EttA was added before 70S IC formation, gives equivalent results to the experiment 
shown in Fig. 4a in the main text, in which EttA was added after 70S IC formation.  Translation 
reactions were started by adding the elongation factors and Phe-tRNAPhe and Lys-tRNALys.   (b) 
Addition of EF-G prior to EttA-EQ2 reduces the extent of inhibition of protein translation but 
does not lead to strong accumulation of tripeptide in a tetrapeptide synthesis assay.  Translation 
reactions containing EF-G were set up to stop after dipeptide synthesis due to lack of a cognate 
tRNA for the third codon in the model mRNA.  Inclusion of EF-G in these reactions should 
result in translocation of the dipeptide-bearing tRNA to the P site in a substantial fraction of 
ribosomes.  Subsequent addition of EttA-EQ2 inhibits dipeptide elongation in these assays much 
less effectively than in assays in which translocation of the dipeptide-bearing tRNA has been 
prevented by omission of EF-G prior to the addition of EttA (Fig. 4b in main), showing that it 
acts preferentially on the pretranslocation complex with deacylated tRNAfmet in the A site of the 







ribosome.  Moreover, tetrapeptide is formed in higher yield than tripeptide in these assays in 
which EF-G is added to translation reactions before EttA-EQ2, demonstrating that it inhibits 
elongation of dipeptides more strongly than that of tripeptides, again consistent with it acting 
preferentially on ribosomes bearing tRNAfmet in the P site.   (c) Addition of EttA-EQ2 after 
tripeptide synthesis on the ribosome complex modestly stimulates tetrapeptide synthesis rather 
than inhibiting it.  Translation reactions were set up in presence of EF-G with cognate tRNAs for 
the first three but not the fourth codon in the mRNA, thereby stopping translation after tripeptide 
synthesis.  EttA-EQ2 was subsequently added prior to addition of the cognate tRNA for the 
fourth codon.  The modest stimulation of tetrapeptide synthesis in this experiment provides 
evidence that interaction of the ATP-bound conformation of EttA with ribosomes promotes 
peptide-bond formation in the peptidyl-transferase center.   The results of this experiment also 
support the conclusion that EttA-EQ2 does not inhibit post-translocation ribosomal complexes 
because it specifically blocks the translocation step in the ribosomal elongation cycle.   (d) Filter-
binding assay showing that the ribosomal E site does not stably retain deacylated tRNAs at the 
Mg2+ concentration used in standard translation assays.  The retention of 0.4 μM deacylated 
[32P]tRNAPhe by 70S ribosomes was assayed in the presence of different concentrations of 
Mg(OAc)2  (3.5, 10, and 20 mM).  Assays were conducted using a 0.2 μM concentration of 70S 
ribosomes in 0.1 M NH4Cl, 20 mM Tris-HCl, pH 7.4.  At 3.5 mM Mg2+, which is the 
concentration used in the minimum in vitro translation reactions, the deacylated tRNA is not 
retained on the E site of the ribosome, even through it is retained at the higher Mg2+ 
concentrations.  This observation indicates that EttA-EQ2 should have access to the E site in the 
post-translocation complex prepared in the experiment shown in panel c, consistent with the 
interpretation that binding of EttA-EQ2 at this site stimulates peptide bond formation in the 
peptidyl-transferase center on the ribosome.  








Supplementary Figure 8: Characterization of EttA interactions with the 70S IC using the 
smFRETL1-L9 signal.   (a) Cartoon diagram of the 70S IC used in these experiments.  The 30S 
and 50S subunits of the ribosome are shown in tan and blue, respectively.  The fMet-tRNAfMet is 
represented by a green ribbon, while the mRNA is represented by a black curve.  The Cy3 donor 
and Cy5 acceptor fluorophores are represented by green and red circles, respectively.   (b-d) 
Data from smFRETL1-L9 experiments recorded in the presence of either 2 mM Mg-ATP (top 
panels) or 2 mM Mg-ADP (bottom panels) and either in the absence of EttA (panel b), in the 
presence of 6 μM WT-EttA (panel c), or in the presence of 6 μM EttA-EQ2 (panel d).  These 
surface contour plots show the time evolution of the FRET efficiency (EFRET) distribution in an 
ensemble of individually observed 70S ICs.  The plots were generated by superimposing a large 
set of individual EFRET versus time trajectories as previously described10; the variable N shown 
on each plot indicates the number of superimposed trajectories.  The contours are color-coded as 
calibrated by the color bars shown on the right, with white and red representing the lowest and 
highest populated EFRET levels, respectively.   (e) Vertical column scatter plots showing the mean 
EFRET values measured in a series of independent smFRETL1-L9 experiments conducted in the 
presence of either Mg-ATP (top panel, three independent experiments) or Mg-ADP (bottom 
panel, five independent experiments).  A plot encompassing the full EFRET range (0.0–1.0) is 
shown on the left side of each panel, while an expanded view of the relevant EFRET range (0.5–
0.6) is shown on the right side of each panel. Independent experiments in the absence or presence 
of WT-EttA were recorded in a paired fashion (i.e., with data collected from the same flowcell 
before and after adding WT-EttA).  The mean EFRET values from experiments conducted in the 
same flowcell are shown in the same color. Independent experiments in the absence or presence 
of EttA-EQ2 were recorded in an unpaired fashion (i.e., with data collected from different 
flowcells).  The back horizontal lines on the graphs represent the mean EFRET value for each 
experimental condition, while the p-values for the observed differences between the 
experimental conditions are shown at the top of each scatter plot.  The p-values were calculated 
in version 5 of the program PRISM (Graphpad Inc.) using a paired t-test for WT-EttA and an 
unpaired t-test for EttA-EQ2. 








Supplementary Figure 9: Full view of the cropped eTLC plates and agarose gels presented in 
Figures 4 and 6 in the main text.   (a) Miniature cropped eTLC data presented in Figure 4a 
(left) and the corresponding uncropped eTLC plate (left), with the red rectangle delimiting the 
area presented on the left.   (b) Miniature cropped eTLC data presented in Figure 4b (left) and 
the corresponding uncropped eTLC plate (left), with the red rectangles delimiting the two areas 
(1 and 2) presented on the left.   (c) Miniature cropped eTLC data presented in Figure 4c (left) 
and the corresponding uncropped eTLC plate (left), with the red rectangles delimiting the two 
areas (1 and 2) presented on the left.   (d) Miniature cropped DNA agarose gels presented in 
Figure 6 (top) and the corresponding uncropped agarose gels (center and bottom); the red 
rectangles delimit the 6 areas (1 to 6 in red) presented in the miniature of Figure 6 (top). 
 










Supplementary Table 1A. Closest structural homologs to ABC1 of E. coli EttA as identified by DALI. a 
 ABC+Core 1  ABC  1 
Protein PDB  Rank Z-score rmsd (Å) % id length  Rank Z-score rmsd (Å) % id length 
EttA-ABC2   1 19.4 2.0 36 138  23 6.1 2.5 26 50 
MalE 2R6G(B)  2 18.8 1.9 27 140  5 7.2 1.7 34 56 
MJ0796 1L2T(B)  3 18.6 1.5 31 138  27 5.6 2.2 24 58 
CFTR b 2PZE(B)  4 18.6 2.2 24 139  26 5.7 1.8 23 52 
ArtP 2OLK(B)  5 18.3 2.1 28 141  21 6.4 1.9 29 56 
LolD 2PCJ(A)  6 17.9 1.8 30 139  17 6.4 1.6 31 51 
BtuD 4DBL(D)  9 17.7 1.8 29 135  1 8.1 1.8 27 55 
RLI 1YQT(A)  12 17.4 1.9 28 138  12 7.0 1.5 39 49 
EF3 2IX3(B)  24 15.9 2.2 31 134  19 6.5 1.6 22 50 
a The ABC subdomain and F1-like core subdomain were submitted to the DALI server11 for analysis together, but the ABC  
subdomain was submitted separately because of its variable alignment in different structures was determined without the -
phosphate of ATP bound in the ATPase active site (Supplementary Fig. 3a-c). The letter in parentheses in the PDB id is the chain 
identifier of the aligned subunit. The Rank represents the highest position of the aligned protein molecule when the list of structures 
with significantly structural similarity is sorted by decreasing Z-score (i.e., ignoring structures giving lower Z-scores containing the 
same protein). The Z-score is a standard measure of statistical significance (given by the ratio of the difference between the 
structural similarity score and the mean score when scanning the database to the standard deviation in that score). The 
abbreviation rmsd stands for root-mean-square deviation. The % id represents the percent of identical amino acids in the aligned 
regions of the structures, while length is the number of residues included in these regions. 




Supplementary Table 1B. Closest structural homologs to ABC2 of E. coli EttA as identified by DALI. a 
 ABC+Core 2  ABC  2 
Protein PDB b  Rank Z-score rmsd (Å) % id length  Rank Z-score rmsd (Å) % id length 
EttA-ABC1   1 19.4 2.0 36 138  3 6.1 2.5 26 50 
HI1470 2NQ2(C)  2 18.6 2.1 28 150  20 4.9 1.8 18 50 
CFTR b 2PZE(B)  3 18.2 2.3 21 146  23 3.8 2.8 19 53 
RLI 3BK7(A)  4 17.8 2.2 27 150  21 4.7 2.9 23 53 
ArtP 2OLK(A)  5 17.8 2.8 24 154  12 5.3 1.9 17 52 
FbpC 3FVG(A)  6 17.8 2.5 31 150  14 5.0 2.4 20 54 
TM0544  1VPL(A)  7 17.4 2.8 30 153  21 4.8 2.1 18 50 
EF3 2IX3(B)  10 17.1 2.8 32 148  2 6.2 2.3 23 53 
BtuD 2QI9(B)  20 16.0 2.4 28 145  1 6.2 2.1 25 52 
a The analyses were performed and the parameters are defined identically to Table S1A. 
b This structure represents the first nucleotide-binding domain of human CFTR with the regulatory insertion and extension excised. 











Possible models for the different activity of EttA in presence of ATP vs. ADP 
Additional research will be needed to clarify many facets of EttA’s mechanism and 
physiological function.  Important mechanistic questions include how the two ATP-binding sites 
in EttA interact in the course of its functional reaction cycle and how ADP mediates EttA-
dependent inhibition of synthesis of the first peptide bond in the nascent protein   Our data show 
that WT-EttA has a qualitatively different effect on translation reactions conducted in the 
presence of ADP compared to either WT-EttA or EttA-EQ2 in the presence of ATP (Fig. 5 and 
Fig. 4).  In the presence of ADP, WT-EttA inhibits synthesis of the first peptide bond by the 70S 
IC rather than promoting this reaction or trapping it following this reaction, as observed for WT-
EttA and EttA-EQ2, respectively, in the presence of ATP.  Several models (see Supplementary 
Note) can be envisioned to explain this alternative activity in the presence of ADP compared to 
ATP.  One possibility is that ADP interacts directly with the ribosome to alter its mode of 
interaction with EttA.  This possibility is suggested by the small shift in the FRET efficiency 
distribution observed in the smFRET data recorded from the L1-L9 reporter pair on the 70S IC in 
the presence of ADP but not in the presence of ATP (Supplementary Fig. 8b top vs. bottom).  
An alternative possibility is that ADP binds directly to one or both of the ATPase active sites in 
EttA, resulting in an altered conformation that still binds to the 70S IC but stabilizes it in a 
conformation that inhibits formation of the first peptide bond rather than promoting it.  In this 
case, there are several possible explanations for the different behavior of EttA upon directly 
binding ADP compared to the post-hydrolysis complex with ADP formed following the binding 
of ATP.  One explanation is that peptide-bond synthesis on the ribosome while EttA is in the 
ATP-bound state pushes the ribosome into a conformation in which it is no longer sensitive to 
the ADP-bound conformation of EttA, which results in release of EttA from the ribosome 
following ATP hydrolysis.  Another possibility is that transient electrostatic forces generated 
during the hydrolysis reaction induce the dissociation of EttA prior to adoption of its equilibrium 
ADP-bound conformation.  A related mechanistic issue concerns whether there is functional 
asymmetry between the two ATPase active sites in EttA.  Such asymmetry has been documented 
in ABCE112 and other members of the ABC superfamily having two ABC domains that differ in 
primary sequence.  In this context, it is possible that one of the ATPase active sites in EttA plays 
a regulatory role and that binding of ADP to this site prevents adoption of the conformation 
promoting peptide-bond synthesis on the 70S IC even if ATP is bound to the other site.  It also 
remains to be established whether ADP can be exchanged for ATP while EttA remains bound to 
the ribosomal E site or whether exchange can only occur after dissociation of EttA from the 
ribosome.  Additional biochemical and biophysical studies will be needed to address these 
unresolved issues concerning the location of the ADP binding site influencing the activity of 
EttA and its mechanism of action. 
 
 










Protein expression and purification.   All proteins expressed in a pBAD vector were grown in 
MG1655-ettA::Tn5 strain in LB media (3 liter for all the constructs excepted EttA-EQ2 which 
has very low expression and therefore was grown in 12 liter) to an OD600 of 0.6 and induced with 
0.1 % of L-arabinose and grown for an extra three hours.  Cells were centrifuged at 4,000rpm for 
30 min (JS-4.2 rotor in Beckman J6-B), washed with Phosphate Buffered Saline (137 mM NaCl, 
2.7 mM KCl, 10 mM, Na2HPO4, 2 mM KH2PO4) and then centrifuged for 10 min at 6,000 rpm 
in a GSA rotor (Sorvall). 
 
To purify hexahistidine-tagged constructs (His6-EttA-EQ2, His6-EttA-Δarm and His6-
EttA), pellets were weighed, stored at  -80 ˚C, and resuspended in 5 ml per gram of cells of lysis 
buffer (150 mM NaCl, 10 mM imidazole, 2 mM 2-mercaptoethanol, 10% glycerol, 20 mM Tris-
HCl, pH 7.5) supplemented with EDTA-free Complete Protease Inhibitor Cocktail Tablets 
(Roche).  They were incubated 10 min on ice with 2 mg/ml of lysozyme (Sigma-Aldrich) and 
lysed using 3 passages through an Emulsiflex C3 (Avestin) at 16,000 psi.  Lysates were 
centrifuged at 30,000 g for 30 min and loaded on Ni-NTA column (Qiagen).  They were washed 
with 10 columns volume of buffer A (same as lysis buffer but without protease inhibitor), then 
with 10 columns volume of buffer B (same as A but with imidazole at 30 mM), and finally the 
protein was eluted with buffer C (same as A but with imidazole at 500 mM).  The fractions 
containing the protein were pooled, concentrated and buffer exchanged (same as buffer A 
without imadazole) on a Amicon Ultra 30 kDa (Millipore).  The concentrated proteins were then 
brought to 1M (NH4)2SO4 prior to purification on a butyl-Sepharose FF column eluted with a 
1000-0 mM gradient of (NH4)2SO4 in the standard buffer (20 mM Tris-HCl pH 7.5, NaCl 150 
mM, 10 mM imidazole, 2 mM 2-mercaptoethanol, 10% glycerol).  The fraction containing EttA 
were pooled and buffer exchanged the same way as described previously. 
 
For purification of untagged WT EttA, washed cell pellets were stored at –80 ˚C were 
thawed and resuspended in 5 ml per gram of cell with 10% glycerol, 5 mM DTT, Complete 
Protease Inhibitor Cocktail Tablets (Roche), 25 mM Tris-Cl, pH 8.0.   Cells were lysed using 3 
passages through an Emulsiflex C3 (Avestin) at 16,000 psi, and the extract was clarified by 
centrifugation 30 min at 30,000 g prior to purification on a DEAE-Sepharose FF column eluted 
with a 0-500 mM gradient of NaCl in the standard buffer (i.e., the extraction buffer without 
protease inhibitor).  EttA-containing fractions were then brought to 1M (NH4)2SO4 prior to 
purification on a butyl-Sepharose FF column eluted with a 1,000-0 mM gradient of (NH4)2SO4 in 
the standard buffer.  EttA-containing fractions were pooled and purified on a Sephacryl S300HR 
gel filtration column (GE Healthcare) in the standard buffer plus 100 mM NaCl. The final 
protein pool was exchanged into the standard buffer.  For the WT-EttA dimer monomer study the 
peaks corresponding to the monomer and the one corresponding for the dimer were concentrated 
separately.  The dimer fraction was concentrated ~150 μM and was used for the static light-
scattering experiment. 
 
Selenomethionine labeled protein was expressed using the method of Le Master 13 in 
strain B834(DE3).  A 2 liter culture containing 30 μg/ml kanamycin sulfate and 50 mg/ml DL-
selenomethionine was grown at 37°C to an OD600 of 0.6. At this point, 0.4 mM isopropyl 1-thio-







 -D-galactopyranoside was added and the cells were grown a further 2 hours with constant 
shaking.  Cells were harvested by centrifugation and stored at -80˚C.  All subsequent steps were 
carried out at 4˚C.  For purification, harvested cells were mixed with 100ml buffer A (25mM 
Tris-HCl pH 8.0, 10% (w/v) glycerol, 2 mM phenylmethylsulfonyl fluoride, and 5 mM DTT) 
and homogenized using a French pressure cell at 20,000 psi.  This cell lysate was clarified by 
centrifugation at 30,000 g for 30 min.  Streptomycin sulfate was added to the resulting 
supernatant to a final concentration of 4% (w/v).  The resulting mixture was incubated for 30 
min followed by centrifugation at 30,000g for 30 min.  After filtration through a 0.22 μm filter, 
the supernatant was loaded onto a 15 ml column of DEAE-Sepharose (GE Healthcare) 
equilibrated in Buffer A.  Protein was eluted using a continuous gradient of 1M NaCl in Buffer A 
with EttA (as monitored by SDS-PAGE) eluting at ~250 mM NaCl.  EttA containing fractions 
were then brought to 1M (NH4)2SO4, filtered, and added onto a 50 ml column of Butyl-
Sepharose (GE Healthcare) equilibrated in buffer A containing 1M (NH4)2SO4.  Proteins were 
eluted from the column using successively lower concentrations of (NH4)2SO4. EttA containing 
fractions were then pooled, concentrated to 5 ml volume, and loaded on an S300HR size 
exclusion column (GE Healthcare) equilibrated in buffer A with 100 mM NaCl.  EttA-containing 
fractions were pooled and desalted into buffer B (10 mM Tris-HCl pH 8.0, 10% glycerol, and 10 
mM dithiothreitol), concentrated to ~240 μM, frozen in liquid nitrogen and stored at -80 ˚C. 
 
 
Synthesis of mRNA for in vitro translation.   A T7-luc mRNA was generated using the pBEST 
plasmid (Promega) as a template to amplify the gene of the luciferase (luc).  The PCR 
amplification was done first by using primer flanking the luc open reading frame; the forward 
primer contained the sequence compatible with the universal primer PURExpress (New England 
Biolab) kit which included a Ribosome Binding Site.  Secondly, this PCR product was PCR 
amplified with the universal primer, which introduced the T7 promoter.  This PCR product was 
gel purified using the gel extraction kit (Qiagen) and used as a template to generate a RNA with 
the T7 RiboMAX kit (Promega).  The RNA was DNase treated and purified by Trizol extraction 
(invitrogen) and resuspended in the RNA buffer (Ambion). For the pT7gp32 mRNA, the RNA 
was produced using the same procedure, except without PCR amplification.  The pT7gp32.1-224 
plasmid 14 was linearized by restriction with BamHI and used as a template for the RiboMAX 
kit.  The resulting RNA was purified as described above.  The pT7gp32.1-20 mRNA used for the 
purified minimum translation assays was produced the same way as the pT7gp32.1-224, except 
that it used the pT7gp32.1-20 plasmid as a template.  This plasmid has a stop codon after the 
residue 20 and the 4 first codons are AUG-UUU-AAA-GAA (Met-Phe-Lys-Glu). 
 
 
In vitro translation using an E. coli S30 extract.   T7-luc mRNA was used as a template for 
translation reactions conducted according to the manufacturer’s recommendations using an 
extract purchased from Promega.  In brief, the reaction contained 2.5 μl AA mix, 10 μl S30 
premix and 7.5 μl S30 extract.  Four μl of buffer or protein were assembled to test at the final 
indicated concentration on the graph.  The reactions were started by adding 1 μl of T7-luc 
mRNA at 5 μg/μl and incubating at 37˚C for 2 hours.  A 2 μl volume of each reaction was mixed 
with 50 μl of Luceferase Assay Reagent (Promega).  Light emission was quantified with a 
luminometer for 10 seconds.  Background was determined on a reaction without T7-luc mRNA 
and subtracted for the other measurements. 









In vitro translation using purified components.   The PURExpress system was purchased from 
New England Biolabs.  Each reaction was carried out in a 5 μl total volume (2.5 μl of solution A, 
1 μl of solution B, 0.5 μl of T7-luc mRNA at 2 μg/μl and 1 μl of buffer or protein to test at the 
final concentration indicated on the graph).  Reactions were done in a 96 wells plate and in 
triplicate. After 2 hours of incubation at 37˚C, 1 μl of the reaction was mixed with 50 μl of 
Luciferase Assay Reagent (Promega).  Light emission was quantified in a microplate reader in 
luminescence setup with 10 second read by well (Tecan Infinite 200 PRO).  In vitro translation 
of pT7gp32.1-224 mRNA was performed with the PURExpress system (New England Biolabs) 
using [35S]methionine In vitro Translation Grade (MPbio).  The reaction contained 4 μl of 
solution A, 3 μl of solution B, and 1 μl of buffer or protein to test (EttA, EttA-EQ2 and EttA 
EQ2-Δarm) at the final concentration of 5 μM and 1μl of [35S]methionine (10 μCi).  The protein 
was added before the mRNA (1st) or after the mRNA (2nd) or 15 min after addition of the 
mRNA (15’).  The reactions were started by adding 2 μl of T7-luc mRNA at 0.5 μg/μl and 
incubating at 37˚C for 2 hours.  The reactions were stopped by adding 20 μl of 2X Laemmli and 
heating for 2 min at 60˚C.  Then 10 μl of each reaction were run on a 12.5% SDS-PAGE.  The 
gel was stained and dried on Whathman as well as subjected to autoradiography, which is 
presented on this figure. 
 
 
E site binding tRNA binding assays.   For synthesis of deacylated [32P]tRNAPhe 15,16, 34 μM of 
tRNAPhe (Sigma-Aldrich) was incubated with 50 mM of glycine pH 9, 10 mM MgCl2, 360 
Ci/mmol [-32P]ATP (Perkin Elmer), 0.05 mM sodium pyrophosphate and 0.03 mg/ml of 
nucleotidyl tranferase. The reaction was incubated for 5 min at 37˚C. Labeled tRNA was purified 
by phenol/chloroform extraction followed by ethanol precipitation, resuspension in milliQ water 
and filtration through a P6 column (Bio-Rad) pre-equilibrated with milliQ water in order to 
remove unincorporated radioactivity.  Assessment of the stability of the deacylated tRNA bound 
in the E site as a function of  Mg(OAc)2   were done using an E site filter-binding assay based on 
the original assay of Grajevskaja et al.17.  The 70S ribosomes used for the assay were prepared as 
for the minimal purified translation assay14.  Reactions containing 70S ribosomes (0.2 μM) were 
incubated in presence of deacylated 0.4 μM [32P]tRNAPhe and increasing concentrations of  
Mg(OAc)2   (3.5, 10, or 20 mM) for 1 min at 4 ˚C in a 20 μl reaction in 100 mM NH4Cl, 20 mM 
Tris-HCl, pH 7.4.  A 5 μl volume of each reaction was spotted on a nitrocellulose filter (25 mm, 
0.45μm, nitrocellulose, disc filters, Millipore) installed on a Sampling Manifold (Millipore) 
under constant vacuum.  After 3 washes with 2 ml of 20 mM Mg(OAc)2, 100 mM NH4Cl, 1mM 
EDTA, 20 mM Tris-HCl, pH7.4, the filters were transferred to scintillation fluid (Ultima Gold, 
PerkinElmer) and counted on a scintillation counter (Beckman LS6500).  A 5 μl volume of each 
reaction was also counted.  The radioactivity retained on the filter was divided by the total 
radioactivity and multiplied by the total concentration of radiolabeled tRNA to yield an estimate 
of the concentration of radiolabeled tRNA bound to ribosomes, which was divided by the total 
ribosome concentration for graphing as fractional occupancy of the E site. 
 
 
ATPase Assays.   ATP hydrolysis assays were performed in polymix buffer (5 mM Tris-OAc 
(pH 7.5), 95 mM KCl, 5 mM NH4Cl, 5 mM Mg(OAc)2, 0.5 mM CaCl2, 2 mM 2-







mercaptoethanol, 5 mM putrescine, and 1 mM spermidine).  To convert all ADP present in the 
reaction to ATP, solutions were pre-incubated at 37 ºC for 15 min with pyruvate kinase (PK) and 
phosphoenolpyruvate (PEP).  Solution I consisted of [-32P]ATP (100-200 dpm per pmol), 0.25 
μg/μl PK, and 3 mM PEP in polymix buffer; solution II consisted of His6-EttA, 0.25 μg/μl PK, 
and 3 mM PEP in polymix buffer. Reactions were carried out in 60 μl assays, with a final His6-
EttA and 70S concentration of 1 μM, respectively.  ATP concentrations were varied as indicated 
(final concentrations).  Background hydrolysis by ribosomal particles was also examined and 
subtracted if applicable; ribosome preparations typically did not have significant ATPase activity 
in these assays.  Reactions were stopped with 50 μl of quenching solution (2 M perchloric acid 
with 3 mM KH2PO4).  Then, 300 μl of 20 mM Na2MoO4 solution and 400 μl of isopropyl acetate 
were added and thoroughly mixed for 5 min.  The organic phase was separated by centrifugation 
and the amount of liberated inorganic phosphate was quantified by scintillation counting (Perkin 
Elmer TriCarb 2800TR). 
 
 
L1-L9 single molecule fluorescence energy transfer (smFRETL1-L9) experiments.   Populations 
of 70S ICs harboring a donor fluorophore (Cy3) on ribosomal protein L9 and an acceptor 
fluorophore (Cy5) on ribosomal protein L1 were imaged using total internal reflection 
fluorescence microscopy as previously described18-20.  These experiments were performed in 
Tris-Polymix Buffer (50 mM Tris acetate (pH 7.0 at 25 °C), 100 mM KCl, 5 mM NH4OAc, 0.5 
mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine dihydrochloride, and 1 mM spermidine free 
base) with 15 mM Mg(OAc)2 and 10 mM 2-mercaptoethanol, supplemented with an oxygen-
scavenging system (2.5mM 3,4-dihydroxybenzoic acid (PCA), 25nM protocatechuate 3,4-
dioxygenase (PCD) and 1% (w/v) -D-glucose).  The small (30S) and large (50S) ribosomal 
subunits used for the formation of the 70S IC complex in smFRETL1-L9 experiments were 
prepared as previously described20.  The initiation factors, mRNA, and fMet-tRNAfMet were 
prepared as previously described14.  The 70S IC was formed in two steps.  First, 30S subunits 
and L9(Cy3)-L1(Cy5)-labeled 50S subunits were incubated at 37 oC for 10 min in Initiation 
Polymix Buffer (Tris-Polymix Buffer in which the Mg(OAc) has been reduced to 5 mM and 2-
mercaptoethanol has been reduced to 6 mM) at a final concentration of 1.2 μM, in the presence 
of 1.6 μM IF1, 1.2 μM IF2, 1.7 μM IF3, and 1 mM GTP.  Second, 5’-biotinylated mRNA and 
fMet-tRNAfMet were added to the above reaction to a finial concentration of 2.0 and 1.5 μM, 
respectively, prior to incubation for another 20 min at 37 oC. Once formed, the 70S IC was 
placed on ice for 15 min and purified using sucrose density gradient ultracentrifugation as 
previously described14. Independent trials recorded in the absence or presence of WT-EttA were 
recorded in a paired fashion.  For these paired experiments, 100 pM 70S IC was pipetted into the 
flowcell in 15 mM Mg(OAc)2 Tris-Polymix Buffer.  After binding of the 5’-biotinylated mRNA 
70S IC complex to the streptavidin-coated flowcell, the same buffer with Mg-ATP (2 mM) or 
Mg-ADP (2 mM) was added, and the smFRET data were recorded.  Subsequently, 6 μM EttA in 
the same buffer with 2mM Mg-ATP or Mg-ADP was pipetted into the same flowcell, and the 
smFRET data were recorded. Independent experiments conducted in the in the absence or 
presence of 6 μM EttA-EQ2 were performed in an unpaired fashion (i.e., the data in the absence 
of EttA-EQ2 were recorded from one flowcell, while the data in the presence of EttA-EQ2 were 
recorded separately from a second flowcell). 
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4.2. EttA regulates translation by binding the ribosomal E site and restricting ribosome-
tRNA dynamics 
This session is a paper published in Nature Structural & Molecular Biology. The paper 
elucidated the mechanism of action of EttA, by combining cryo-EM and single-molecule 
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Supplementary Figure 1. In vivo pull-down of His6-EttA-EQ2 with 70S ribosome.  Strain 
MG1655-ettA::Tn5 carrying either the plasmids, pBAD-ettA, pBAD-His6-ettA or pBAD-His6-
ettA-EQ21, were grown and protein over-expression was induced. After cells collection and lysis, 
an equal amount of total protein for each sample was loaded on three columns of Ni-NTA. The 
columns were washed and EttA was eluted into fractions.  (a) Coomassie colored gel of the 
fractions for the different samples. From this gel some of the bands that specifically appeared in 
the pBAD-His6-ettA-EQ2 sample compared to the pBAD-His6-ettA (if an equivalent was present 
in the control pBAD-ettA the band was also selected) were identified by peptide mass 
fingerprinting identification. These bands are labeled with red numbers. The identification of the 
protein(s) present in those bands is shown on the table (right side). The table shows the protein 
ID (Uniprot ID), the pValue, Z-score and Score calculated by Aldente, the predicted molecular 
weight (Mw), the number of peptides detected for each identification (Hits), the percentage of 
coverage of the peptides identified against the full protein (Coverage).  (b) 5 liters culture of the 
strain MG1655-ettA::Tn5 carrying pBAD-His6-ettA-EQ2 had been processed like the one 
presented in (a). The fractions 1 to 5 after Ni-NTA pull-down were pooled, concentrated and run 
on a gel filtration column. A fast running peak with a high absorbance at 280 nm was detected in 
the void volume of the column, which corresponded to a molecular weight higher than 1.5 MDa. 
The fractions of this peak were pooled and concentrated.  (c) This sample was separated on an 
SDS-PAGE gel that shows a full ribosome proteins profile. The sample also had been submitted 
to western-blot analysis with an affinity purified anti-EttA antibody to confirm the presence of 
EttA on this purified complex. 







Supplementary Figure 2. Peptide formation assay in parallel with cryo-EM sample 
preparation.  (a) 70S–mRNA–[35S]fMet-tRNAfMet initiation complex (0.5 μM), prepared in 
parallel with the 70S initiation complex used in cryo-EM study, was first mixed with EttA-EQ2 
(6 μM) or polymix buffer and incubated at 37 ºC for 1 min, then mixed with Phe-tRNAPhe–EF-
Tu–GTP and Lys-tRNALys–EF-Tu–GTP ternary complexes (0.67 μM each) and incubated at 37 
ºC for 1 min, then with EF-G (1.5 μM) and incubated at 37 ºC for indicated reaction time 
(Supplementary Methods). (b) Relative fractions of mono- (fM), di- (fM-F), and tri- (fM-F-K) 
peptides in (a) after 1 min incubation with EF-G. 








Supplementary Figure 3. Flow chart of RELION-based hierarchical classification and 
Fourier Shell Correlation (FSC) curves for reconstructions from the three classes. (a) 
RELION-based classification diagram. See computational classification of Supplementary Note 
for details. (b) FSC curve to determine the resolution of the reconstructions from the three 
classes. For each class, the two half-volumes were generated using RELION. The FSC between 
the two half-volumes was calculated using SPIDER (Online Methods). The resolution of each 
map was determined using FSC = 0.143 cutoff, yielding 7.5 Å (70S–EttA–tRNA2, class I), 9.1 Å 
(70S–EttA–tRNA, class II) and 7.7 Å (70S–EttA, class III), respectively. 













Supplementary Figure 4. Root Mean Square Deviation (RMSD) and Cross-Correlation 
Coefficient (CCC) plots of the MDFF process.  (a) CCC plotted versus the simulation time in 
picoseconds (ps). (b) RMSD plotted versus the simulation time in picoseconds. In both (a) and 
(b), the MDFF equilibration phase (left plot) is distinct from the production phase (right plot). 
Dotted red lines separate consecutive stages of the equilibration phase conducted at decreasing 
positional harmonic constraints (in kcal/(mol×Å) at the top of the plots). The solid red line 
denotes the frame at which the convergence is considered achieved as it marks the beginning of a 
plateau. 







Supplementary Figure 5. Significant Pfam-A matches of PtIM of EttA with PF12848 
(ABC_tran_2) domain2, and Sequence alignment of E. coli K12-MG1655 tRNA coding 
genes.  (a) HMM, hidden Markov model sequence; MATCH, the match between HMM and 
SEQ; PP, posterior probability, or the degree of confidence in each individual aligned residue; 
SEQ, query sequence. Green and cyan highlights residues in PtIM of EttA that may interact with 






P-site tRNAfMet and with 23S rRNA, respectively (Supplementary Table 1). (b) An alignment 
of all the genes coding for tRNA in E. coli MG1655 was generated using the tRNAdb3 database 
(http://trna.bioinf.uni-leipzig.de), highlighting the specific features of the initiator tRNA which 
may interact with ribosome-bound EttA-EQ2. tRNA structural features that are close to EttA-EQ2 
are highlighted in yellow. The CpU bulge, present in two isoforms of Initiator tRNA (Ini) and 
two of three isoforms of Proline tRNA (Pro), is in green. The C1::A72 mismatch, only present in 
the two isoforms of initiator tRNA, is in purple. The anticodons of all the tRNAs are in red. 







Supplementary Figure 6. cryo-EM 3D reconstruction of the class III 70S–EttA complex. 
Color scheme and abbreviations of landmarks are the same as Fig. 1. Circled region indicates the 
poorly defined distal end of the EttA PtIM. 







Supplementary Figure 7. EttA-mediated regulation of MS-I MS-II equilibrium as 
observed using smFRETL1-tRNA studies of a PRE-APhe complex. (a) Cartoon diagram of the 
conformational equilibrium of the PRE-APhe complex between the MS-I conformation harboring 
an open L1 stalk (ribosomal complex on left) and the MS-II conformation harboring a closed L1 
stalk (ribosomal complex on right). The 30S subunit is shown as a tan cartoon, 50S subunit as a 
blue cartoon; tRNAPhe as an orange ribbon; mRNA as a black curve; Cy3 FRET donor 
fluorophore as a green circle; and Cy5 FRET acceptor fluorophore as a red circle. (b-d) 
smFRETL1-tRNA experiments were recorded in the presence of 0.8 mM ATP and in (b) the 
absence of EttA, (c) the presence of 1.8 μM EttA, and (d) the presence of 1.8 μM EttA-EQ2. 1st 
row: Representative Cy3 and Cy5 fluorescence intensity (Flour. Int.) vs. time trajectories. The 
fluorescence intensities are plotted in arbitrary units (a.u.) with the Cy3 fluorescence intensity 
plotted in green and the Cy5 fluorescence intensity plotted in red. 2nd row: The corresponding 
EFRET vs. time trajectories. The EFRET at each time point was calculated using EFRET = ICy5 / (ICy3 
+ ICy5), where ICy3 and ICy5 are emission intensities of Cy3 and Cy5, respectively, and is plotted 
in blue. 3rd row: Surface contour plots of the time evolution of the population FRET. The contour 
plots were generated by superimposing individual EFRET vs. time trajectories and the contours are 
colored from white (lowest-populated) to red (highest-populated). N denotes the number of EFRET 
vs. time trajectories that were used to construct each contour plot.  








Supplementary Table 1. Molecular contact regions between EttA and the 70S ribosome 






















23S H68 G1857-G1860, U1883-A1885 












p-p D136-V142  L127-V130 
p-r L139-V142  23S H77 G2168-A2170 
p-r ABC 1 Q143-A150  50S 23S H77 G2112-A2114 






23S H68 G1839-U1841, C1893-C1895 
p-r K267-K271  23S H69 C1925-A1927 
p-r W275-R283  23S H93 C2594-U2596 
p-r K281-K288 
 




Acceptor stem G2-C3, G70-A72 
p-t N295-R305  D-stem loop C17-U17a 
p-r R318-K322 
 





16S h41-h42 G1297-U1301 
p-p K322-E325  S7 K109-K113 
p-p Toe G411-I414 
 




P-site tRNAfMet D-stem loop 
U17a-G18 
p-t R425-R430  G19-U20, C56 
p-p R441-E444  50S L33 T28-P30 
p-p Core2 E521-N526  30S S7 K109-G111, E122-K130 
p-p C-terl Tail T528-Y533  30S S7 K135-R142 






a protein (p), rRNA (r), tRNA (t) 
b Helix of 23S rRNA (H), helix of 16S rRNA (h), large subunit protein (L), small subunit protein (S). 
c Amino acid residues and nucleotides are given in one letter code with residue number. E. coli ribosome numbering 
and domain assignment are based on ref.4,5. tRNA numbering is based on ref.6. 
 
 






Supplementary Table 2. Fractional populations, equilibrium constants, and transition rates 
for PRE-AfMet and PRE-APhe complexes in the absence of EttA, in the presence of EttA, or in 

















a Mean ± standard deviation (mean ± s.d.) of equilibrium constants, fractional population of MS-I and MS-II, and 
transition rates for each PRE-A complex, were calculated as described in Supplementary Methods from three 
independent data sets.  






(%) a Keq 
 a kMS-IMS-II (sec-1) a 
kMS-IIMS-I 
(sec-1) a 
– EttA 78 ± 2 22 ± 2 0.28 ± 0.03 0.44± 0.08 1.27 ± 0.12 
EttA 88 ± 4 12 ± 4 0.14 ± 0.05 0.35 ± 0.13 2.07 ± 0.38 











– EttA 72 ± 2 28 ± 2 0.39 ± 0.03 0.55 ± 0.10 0.78 ± 0.07 
EttA 73 ± 2 27 ± 2 0.37 ± 0.05 0.52 ± 0.05 0.79 ± 0.29 
EttA-EQ2 96 ± 2 4 ± 2 0.04 ± 0.02 N.D. b N.D. b 









Limitations in interpreting some structures of ribosomes with bound translation factors  
Interpretation of ribosome structures with some translation factors has been impeded by 
uncertainty as to their exact physiological and biochemical activities. For example, cryo-EM 
studies show that eukaryotic Elongation Factor 3 (eEF3), a fungal-specific essential translation 
factor belonging to a third different phylogenetic lineage in the ABC superfamily, binds over the 
E site of the ribosome at the interface between its small and large subunits7.  However, eEF3 has 
been proposed, alternatively, to promote release of deacylated tRNAs from the E site8 or to 
dissociate the small and large ribosomal subunits to recycle them from post-termination 
complexes9. Interpretation of the cryo-EM structure of ribosome-bound eEF3 has been 
complicated by the conflicting data on its biochemical function8-10. Another example is provided 
by the Ribosome Modulation Factor (RMF), which promotes storage of inactive ribosomes in 
stationary phase cells by driving the formation of a non-covalent dimer of 70S ribosomes11,12. An 
X-ray crystal structure has been determined for E. coli RMF bound to the mRNA exit channel of 
ribosomes from T. thermophilus13, although RMF orthologs are not found in that organism or 
any organism outside the proteobacterial phylum. The crystal structure of the heterologous 
complex showed an allosteric conformational change in the small ribosomal subunit, which was 
interpreted as driving ribosome dimerization even though a ribosome dimer was not observed in 
that structure13. While E. coli RMF induces dimerization of T. thermophilus ribosomes in 
solution, the structural model proposed based on the crystal structure of the heterologous 
complex has not been tested13. A third example is provided by the widely conserved translation 
factor Elongation Factor P (EF-P)14,15. An X-ray crystal structure was determined for T. 
thermophilus EF-P bound between the E and P sites in a ribosome from the same organism16. 
This structure was interpreted based on earlier biochemical results supporting a role in promoting 
formation of the first peptide bond during the transition from the initiation to the elongation stage 
of protein translation14. However, more recent genetic17 and biochemical18 studies demonstrated 
that EF-P instead prevents ribosome stalling during translation of poly-proline (Pro) sequences 




Parallels between the putative mechanisms of EttA and EF-P 
There are several noteworthy parallels between the mechanism proposed here for EttA and that 
previously proposed for the essential elongation factor EF-P. While EF-P is much smaller than 
EttA (188 vs. 555 amino acids) and does not have any structural homology, it binds at a location 
partially overlapping with EttA’s binding site, between the P and E sites on the 70S ribosome16, 
and it also contacts the P-site tRNA on the ribosome (Fig. 3d). As described in the introduction, 
EF-P prevents elongating ribosomes from stalling on poly-Pro sequences, possibly by promoting 
peptide-bond formation in the PTC when a peptidyl-tRNAPro with two or more C-terminal Pro 
residues is bound in the P site on the ribosome18. Contrary to conclusions from much older 
studies, recent data have shown that EF-P does not have any specificity for formation of the first 
peptide bond in the nascent protein19, which occurs concomitantly with the entry of the 70S IC 
into the translational elongation cycle. While Boel et al. show that EttA does have such 
specificity1, it is noteworthy that initiator tRNAfMet, which is bound in the P site of the ribosome 






in 70S IC, and tRNAPro share the CpU bulge, which is not found in any other E. coli tRNAs. 
Residues 65-68 in domain II of T. thermophilus EF-P are within hydrogen bonding distance of 
the CpU bulge in the P-site tRNA in the crystal structure of the corresponding ribosomal 
complex16, while residues 434-436 in the α-helical domain of ABC2 in EttA are proximal to this 
structural feature of the initiator tRNAfMet bound in the cryo-EM structure reported here (Fig. 5 
and Supplementary Table 1). These observations suggest that recognition of the CpU bulge is a 
property shared by the only two translation factors known to bind in the ribosomal E site. 
 
It is also worth noting that both EF-P and EttA have been proposed to modulate the conformation 
of the PTC to control the peptidyl-transferase activity of the ribosome when a tRNA containing 
the CpU bulge is bound in the P site on the ribosome. The authors of the recent work on EF-P 
speculate that it modulates the conformation of the substrate in the PTC to enhance catalysis of 
peptide bond formation when a peptidyl-tRNAPro bound in the P site of the ribosome has 
multiple C-terminal Pro residues18. Similarly, as described above, the structural and biochemical 
studies of EttA reported here and in Boel et al.1 suggest that, when initiator tRNAfMet is bound in 
the PTC, EttA has divergent allosteric effects on catalysis of peptide-bond formation in the 
presence of ADP vs. ATP. EttA substantially inhibits peptide-bond formation in the presence of 
ADP, while stimulates it slightly in the presence of ATP. Additional studies will be required to 
understand the biochemical and structural principles underlying the inferred activities of EF-P 
and EttA in modulating catalysis of peptide-bound formation in the PTC and determine whether 





Pull-down of 70S ribosome with His6-EttA-EQ2.  Strain MG1655-ettA::Tn5 carrying either the 
plasmids, pBAD-ettA, pBAD-His6-ettA or pBAD-His6-ettA-EQ21 were grown over-night in LB 
media (Affymetrix/USB) with ampicillin at 100 μg/ml and Glucose at 0.4% (to repress plasmid 
expression). The next morning, fresh LB ampicillin cultures (1 liter each) were inoculated with 
the over-night cultures, induced with L-arbinose (0.05 %) at OD600 of 0.5 and then grown for an 
extra 2 h. Cells were centrifuged at 4,000 rpm for 30 min (JS-4.2 rotor in Beckman J6-B) and 
washed with Phosphate Buffered Saline (137 mM NaCl, 2.7 mM KCl, 10 mM, Na2HPO4, 2 mM 
KH2PO4) and centrifuged for 10 min at 6,000 rpm (GSA rotor in Sorval RC5-B) then the pellets 
were stored at -80 °C. Pellets were resuspended (10 ml for pBAD-ettA and pBAD-His6-ettA, 5 
ml for pBAD-His6-ettA-EQ2 since this construct inhibits bacteria growth) in lysis buffer (25 mM 
Tris acetate pH 7.6, 2 mM Mg(OAc)2, 60 mM KOAc, 10% Glycerol, 2 mM 2-mercaptoethanol, 
2.5 mM ATP, EDTA free Complete Protease Inhibitor Cocktail Tablets (Roche) and 10 mM 
imidazole). Cells were incubated 10 min on ice with 2 mg/ml of lysozyme (Sigma-Aldrich) and 
lysed using 3 passages through an Emulsiflex C3 (Avestin) at 16,000 psi. Lysates were 
centrifuged at 30,000 g for 30 min and total protein concentration was estimated by Bradford test 
(Bio-Rad). An equal amount of total protein for each sample was loaded on three columns of 1 
ml Ni-NTA (Qiagen), washed with 15 column-volumes of buffer A (same as lysis buffer but 
without protease inhibitor) then 15 column-volumes of buffer B (same as buffer A but with 
imidazole at 30 mM) and finally the protein was eluted and fractioned with buffer C (same as 
buffer A but with imidazole at 300 mM). The fractions of the sample pBAD-His6-ettA and 
pBAD-His6-ettA-EQ2 were first run on a Mini-Protean (Bio-Rad) SDS-PAGE gel to determine 






the amount of EttA. Then the fractions were diluted to have the same amount of EttA between 
the sample pBAD-His6-ettA and pBAD-His6-ettA-EQ2 and loaded on a 20 × 20 cm, 4% to 20% 
SDS-PAGE gel (Bio-Rad). For the control, 60 μl of EttA without tag was loaded, which was the 
maximum volume of the well. The gel was stained with Coomassie blue and the bands of interest 
were excised from the gel for peptide mass fingerprinting identification. 
 
Peptide mass fingerprinting identification.  Bands were treated as described by Boël et al.20 but 
the digestion was done with sequencing-grade trypsin (Promega) at 0.1 μg/ml. Resulting 
peptides were desalted using C18 ZipTip (Millipore) and eluted in 10 μl of 50% acetonitrile, 
0.1% (v/v) trifluoroacetic acid. For each sample, 1 μl of the peptides was spot on the Voyager De 
Pro MALDI-TOF (Applied Biosystems) plate with 1 μl of α-cyano-4-hydroxycinnamic acid in 
50% acetonitrile , 0.1% trifluoroacetic acid. Peptides were detected using constructor setup for 
peptide detection with a-cyano-4-hydroxycinnamic as matrix. Calibration was done using MS 
Peptide Standards (NE Biolab). Data post-processing was done with the Data Explorer software 
(Applied Biosystems), protein identification by peptide profiling was done using the Aldente 
software21 (previously on ExPASy, http://expasy.org/, now part of Genebio). 
 
Purification by gel-filtration chromatography.  5 liters culture of the strain MG1655-ettA::Tn5 
carrying pBAD-His6-ettA-EQ2 was grown and the cells were processed as described above with 
lysis volume and column volume increased 5 fold. The fraction 1 to 5 after Ni-NTA pull-down 
were pooled, concentrated and run on a Sephacryl S300HR gel filtration column (GE Healthcare) 
equilibrated in buffer: 25 mM Tris acetate pH 7.6, 2 mM Mg(OAc)2, 60 mM KOAc, 2 mM 2-
mercaptoethanol and 0.5 mM Mg-ATP. The fractions of first peak corresponding to a size 
superior to 1.5 MDa (void volume) were pooled and concentrated in the same buffer on an 
Amicon Ultra 100 kDa (Millipore). The sample was separated on a 15% SDS-PAGE gel (Bio-
Rad) and also submitted to western blotting using an anti-EttA antibody (methods described in1). 
 
Cryo-EM data computational classification.  The cryo-EM map of the total dataset revealed 
weaker densities for the A- and P-site tRNAs relative to 23S rRNA of the 50S subunit, indicating 
heterogeneity in the total dataset, i.e. ribosome particles being in different conformations and/or 
containing different components. Therefore we used the RELION22,23 program in a stepwise 
hierarchical classification (Supplementary Fig. 3). The reference volume for initial alignment 
was the 3D reconstruction of the total dataset, refined using SPIDER and then low-pass filtered 
to 60 Å. An objective criterion to determine the optimal number of classes to start each 
classification step has yet to be established22. In practice, we choose the number of classes that is 
bigger than the expected number, in order to accommodate unexpected classes, and, after 
classification, consolidate classes yielding similar 3D reconstructions as judged by visual 
examination.  
 
In step (1), the total dataset (108,691 particles) was separated into 10 classes using RELION23 
with 0.9º-step local angular search. Among these 10 classes, 3 classes yielded similar 3D 
reconstructions of 70S ribosome complexes containing EttA and P- and A-site tRNAs (denoted 
as 70S–EttA–tRNA2 classes, red circle). Another 6 classes yielded 3D reconstructions of 70S 
ribosome complexes containing EttA, and either only P-site tRNA (denoted as 70S–EttA–tRNA 
class, magenta) or very weak densities for tRNAs (denoted as 70S–EttA class, blue). The other 
class (gray, 8.0% of total particles) was excluded from downstream analysis because the 3D 






reconstruction indicated the presence of particles containing 50S large subunit only. In step (2), 
the three 70S–EttA–tRNA2 classes were grouped and classified again; but no other 
conformations could be detected, confirming the homogeneity of this class. The 70S–EttA–
tRNA and 70S–EttA classes were grouped together and classified, because these 3D 
reconstructions only show a local difference regarding P-site tRNA occupancy. The 3D 
reconstructions were sorted into new 70S–EttA–tRNA and 70S–EttA classes, based on the 
presence and intensity of P-site tRNA density. In step (3), the particles in 70S–EttA–tRNA and 
70S–EttA classes from step (2), respectively, were grouped and classified again to ensure the 
homogeneity of each class. A small fraction of the particles were discarded from these two 
classes (5.7% and 3.6% of total particles, respectively), because they yielded poor-quality 3D 
reconstructions, in part due to limited number of particles per class.  
 
The classification resulted in three final classes: the classes yielding 3D reconstruction of 70S 
ribosome complex containing EttA and strong densities of the P- and A-site tRNAs were 
grouped and designated as the final 70S–EttA–tRNA2 class (class I, 39,316 particles, 36.2% of 
the total, 7.5 Å resolution). The classes yielding 3D reconstruction of 70S ribosome complex 
containing EttA and P-site tRNA were grouped and designated as the final 70S–EttA–tRNA 
class (class II, 16,639 particles, 15.3% of the total, 9.1 Å resolution). The classes yielding 3D 
reconstruction of 70S ribosome complex containing EttA only were grouped and designated as 
the final 70S–EttA class (class III, 33,889 particles, 31.2% of the total, 7.7 Å resolution). The 3D 
reconstructions of these three classes were separately refined by using RELION 3D auto-refine23. 
 
The class III may be mostly due to the saturating amount of 70S and EttA-EQ2 (fMet-tRNAfMet 
0.3 μM, 70S ribosome 0.45 μM, EttA-EQ2 6 μM). Having similar resolutions (Supplementary 
Fig. 4), the 70S ribosomes in both cryo-EM maps of class I and class III are in the MS-I 
conformation. The 30S subunit in class III and that in class I exhibit the “30S domain closure” 
induced by cognate A-site tRNA binding, as observed by crystallography24. This 30S domain 
closure, together with the presence of A-site tRNA, differentiates class I from the other two 
classes. Moreover, the EttA density in class III and that in class I have similar global 
conformation, with 0.94 CCC between the two isolated density maps. Interestingly, one part of 
the PtIM density connecting to ABC2, attributable to EttA residues 303-306 in the MDFF-fitted 
structure, is poorly defined in the class III map but present in the class I map (Supplementary 
Fig. 4b, circled), suggesting that the PtIM is less structured in the absence of a P-site tRNA. 
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Chapter 5 Time-Resolved Cryo-EM Studies of Translation 
 
5.1. Improvements to the mixing-spraying method  
To establish the mixing-spraying method in the Frank lab, I first learned the technique 
from Zonghuan Lu, David Barnard, and Tanvir Shaikh at Wadsworth Center in Albany, set up 
the computer-controlled plunging device purchased from Dr. Howard White at Eastern Virginia 
Medical School, then worked with Robert Grassucci, Kathryn Headley, and Ming Sun in the 
Frank lab to optimize the technique. The optimization aimed to increase the data yield, i.e., more 
good particles per time-resolved cryo-EM grid. The major improvements include: designing an 
environmental chamber, calibrating the plunging velocity, testing various grid surface 
treatments, and optimizing the size distribution of sprayed droplets. 
 
5.1.1. Environmental chamber 
The environmental chamber can maintain the temperature and humidity during grid 
preparation, therefore helping to increase the reproducibility of time-resolved cryo-EM grids. 
High humidity can reduce the evaporation of solution on the grid. A humidifier connected to the 
environmental chamber generates fog by a sonicator and pumps humid air into the environmental 
chamber. The performance of the environmental chamber was recorded by a temperature and 
humidity monitor with data logger during a grid preparation session (Fig. 5.1). Each grid was 
prepared with over 80% relative humidity. The ambient temperature was kept between 24°C – 
26°C. 
 




The “plunge speed” setting of the computer-controlled step motor was translated into the 
actual plunge velocity of the grid using movie recording and curve fitting (Fig. 5.2). The position 
of the grid in each frame, after contacting the spray and before merging into the cryogen, was 
manually located. The actual plunge velocity was calculated from the position change and the 
movie frame rate (59.94 frame/sec). The analysis showed that the actual plunge velocity 
increases linearly with the computer setting of plunge speed. We could reproducibly generate 
plunge velocity of 1 m/s with plunge speed setting of 2,500. Beyond plunge velocity of 1.2 m/s, 
the movie frame rate is not fast enough to accurately locate the position of the grid. However, we 
postulated that the plunge velocity can reach 2 m/s with plunge speed setting of 5,000, because it 
is still within the working range of the step motor. 
 
5.1.3. Grid surface treatment 
Various grid surface treatments have been tested to make the surface hydrophilic, because 
the droplets can spread thinly on a hydrophilic surface, yielding more regions suitable for EM 
data collection. The tested treatments included: adding detergent to the solution, plasma 
cleaning, use of Affinity grids (Kelly et al., 2008) and graphene oxide grids (Pantelic et al., 
2010). HEPES-KM12 buffer (20 mM HEPES-KOH pH 7.5, 30 mM NH4Cl, 5 mM 2-
mercaptoethanol, 12 mM MgCl2) (Blaha et al., 2000) was sprayed on the treated grids. The 
resulted cryo-EM grids were examined using TEM at a magnification of about 2,000×. Plasma 
cleaning (H2/O2 15 Watts 25 sec using Gatan Solarus 950) proved to be the easiest way to render 
the carbon-coated surface hydrophilic, provided the grids are used within about 2 hours after 
plasma cleaning. Adding detergent (0.001% Tween 20 or 0.001% Triton X-100) yielded similar 




detergent may change the reaction kinetics. Affinity grids and graphene oxide grids had very few 
intact holes and were not further considered.  
 
5.1.4. Droplet size optimization 
To obtain a large number of droplets suitable for cryo-EM data collection, a spray 
containing dense distribution of small droplets is desirable. The droplet size distributions were 
evaluated at different gas pressures and with different plunging speed settings to find the optimal 
settings. The summed liquid flow rate is set to 6.0 µL/s to minimize the sample consumption 
while ensuring thorough mixing at the mixer (Lu et al., 2010).  
The droplet size distribution was evaluated at different nitrogen gas pressures (Fig. 5.3). 
Water containing SafeBlue protein staining dye was sprayed onto glass cover slide under three 
nitrogen gas pressures: 40 psi (pounds per square inch, 1 psi = 6,895 Pascal), 50 psi, and 60 psi. 
The droplets were resistant to spreading when they hit the hydrophobic glass surface. After air-
drying, the dye left a dark ring on the edge of the droplets due to the so-called coffee-ring effect 
(Deegan et al., 1997), facilitating the measurement of the droplet covered area. The coverage 
(fraction of area covered by droplets) was about 1% at all three gas pressure settings. As the gas 
pressure increases, the droplet size (converted to the radius of droplet covered area on the 
surface) decreases on average while the number of droplets (per unit area) increases. In practice, 
droplets with radius of 10 µm – 15 µm are desirable. At 40 psi, the droplets were too sparse; 
while at 60 psi, many droplets were too small. Therefore the gas pressure of 50 psi was 
concluded to be optimal, consistent with the previous study (Lu et al., 2009). 
The droplet size distribution was also evaluated at varying plunge speed settings (Fig. 




HEPES-KM12 buffer was sprayed on the carbon-coated grid while the grid was plunging into the 
cryogen. Plunge speed settings of 1000, 2500, and 5000 were tested, corresponding to actual grid 
velocity of 0.4 m/s, 1.0 m/s, and 2.0 m/s, respectively. With a plunge distance of 35 mm, the 
plunging time was 88 ms, 35 ms and 18 ms, respectively. The resulting grids were imaged in an 
F20 TEM at a magnification of about 2,300×. The images of grid squares were analyzed in 
ImageJ to measure the area covered by each droplet, which was then converted to the diameter of 
the droplet (assuming a round shape) to be comparable with the previous work (Lu et al., 2009). 
At grid velocity of 2.0 m/s, most of the droplets had a diameter between 15 µm and 35 µm on the 
cryo-EM grid. As the grid velocity decreased, the droplet size on the grid increased, suggesting 
that the droplets spread to become bigger and thinner during longer plunging time. Later, we 
used grid velocity of 1.0 m/s and 2.0 m/s to prepare time-resolved grids for studying ribosome 
subunit association (see Section 5.2). In these later experiments, the droplets with a diameter of 
10 µm – 20 µm yielded single-particle micrographs with good contrast. The droplets with a 
diameter bigger than 20 µm can still be useful, however, if the edge of these large droplets 
happened to cover the grid holes.  
206
 
Figure 5.1 Environmental chamber performance. The relative humidity (RH) and temperature 






Figure 5.2 Calibration of the actual plunge velocity of the grid. (A) Movie recording setup. 
The position of the grid in each frame, after contacting the spray and before merging into the 
cryogen (in the red box), was manually located. The actual plunge velocity was calculated from 
the position change and the movie frame rate (59.94 frame/sec). (B) the measured plunge 
velocity is plotted against the computer setting of “Plunge Speed”. Five repeats of the 
measurements and their average and standard deviation are shown. Below plunge speed setting 


























Figure 5.3 Droplet size distributions at various nitrogen gas pressures. Water containing 
SafeBlue dye was sprayed onto glass cover slide with varying nitrogen gas pressure. Upper 
panel: the images of air-dried droplets at gas pressures of 40 psi, 50 psi, and 60 psi. Lower panel: 
histogram of the number of droplets with different radius (0 – 5 µm, 5 – 10 µm, 10 – 15 µm, 15 –
20 µm, 20 – 25 µm, 25 – 30 µm) at various gas pressures. Images of the grids were taken in a 







Figure 5.4 Droplet size distributions at various plunge speed settings. (A-C) Histogram of 
the number of droplets with different radius at plunge speed setting of 1000, 2500, and 5000, 
respectively. HEPES-KM12 buffer was sprayed on the carbon-coated grid with hydrophilic 




5.2. Time-Resolved Cryo-EM Study of Ribosome Subunit Association 
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Time-resolved cryogenic electron microscopy (cryo-EM) is a technique for visualizing time-
dependent structures in a biological specimen in a pre-equilibrium system. The conventional 
blotting method to prepare cryo-EM specimens is only sufficient to study a reaction in the 
second to minute range, due to the slow step of depositing the biological specimen on the EM 
grid. To capture faster reactions in the sub-second range, Lu and coworkers developed a mixing-
spraying method, which allows a reaction involving two macromolecular components to proceed 
for tens to hundreds of milliseconds, before being stopped by fast freezing. In this work, we 
improved the mixing-spraying method, by designing an environmental chamber and optimizing 
the EM data yield, and applied the method to the study of ribosome subunit association. We were 
able to capture the subunit association reaction in a pre-equilibrium state, by mixing the subunits 
and reacting for 60 ms and 140 ms. We detected three 70S ribosome conformations in the pre-
equilibrium system: non-rotated, non-rotated with 30S subunit head swivel, and rotated. 
Quantification of the proportions of particles assuming these conformations suggested that the 
70S ribosome, upon formation, can undergo fast conformational changes, and reaches 
equilibrium among these conformations earlier than 60 ms. Our results demonstrate the 
capability of the mixing-spraying method of time-resolve cryo-EM to visualize multiple states of 
macromolecules in a reaction within a sub-second time frame. Many other biological processes, 





Many biological processes occur on the millisecond scale. Example processes include 
tRNA selection on the ribosome during protein synthesis (Al-Hashimi and Walter, 2008), 
acetylcholine receptor desensitization (Dilger and Brett, 1990), and subunit rotation of F0F1-ATP 
synthase (Diez et al., 2004). Visualizing the biological molecules engaged in these processes 
under physiologically relevant conditions can greatly help us understand the molecular 
mechanisms of these biomolecules. We can use time-resolved cryogenic electron microscopy 
(cryo-EM) to achieve this goal.  
Cryo-EM is able to visualize biological macromolecules in vitro in their native state, i.e., 
in the chosen buffer close to the physiological condition, at controlled temperature, and free from 
intermolecular packing interactions. In cryo-EM, a droplet of the buffer containing the molecules 
is applied to a grid, then excess liquid is removed by controlled blotting, and the grid is quickly 
plunged into the cryogen (e.g., liquid ethane at liquid nitrogen temperature) (Lepault et al., 
1983). As a result the molecules are embedded in a thin (~1000 Å) layer of vitreous, amorphous 
ice. Since the fast freezing of the biological specimen takes only a fraction of a millisecond 
(Cyrklaff et al., 1990), cryo-EM is able, in principle, to capture a pre-equilibrium reaction system 
in multiple frames as it evolves over a short period of time (e.g., during one second).  
The reason why this time resolution has not been achievable previously is that the time 
for application of the specimen to the grid and the blotting alone takes at least a second. Fast 
time-resolved cryo-EM techniques (on the level of milliseconds), first developed by Berriman 
and Unwin (Berriman and Unwin, 1994), overcome this limitation of conventional methods by 
spraying one reagent directly onto a grid that has been covered with another reagent, and 
instantly plunging the grid into the cryogen. Biological processes running sufficiently slow (over 




example, Mulder and coworkers studied the assembly of ribosomal small subunit (30S) by 
negative staining EM, with time points ranging from 1 min to 120 min (Mulder et al., 2010); 
Fischer and coworkers studied ribosome reverse translocation by cryo-EM with blotting method, 
taking various time points from 1 min to 20 min (Fischer et al., 2010). 
Purpose of the current study was to explore the performance of a novel method of time-
resolved cryo-EM (Lu et al., 2009), in which two components are mixed in a microfluidic 
device, allowed to react for a defined period of time, and then sprayed onto the EM grid as the 
latter is being plunged into the cryogen. With this device, reactions within the second time frame 
can be studied, with time resolutions reaching 10 ms. The advantage of this mixing-spraying 
method over the method of Berriman and Unwin (Berriman and Unwin, 1994) is the capability to 
study a reaction involving two macromolecules mixed in solution. The spraying-freezing method 
of Berriman and Unwin relies on the fast diffusion of one of the reagents after spraying to reach 
the other already on the grid to synchronize the reaction. Following the mixing-spraying method 
we use in this work, in contrast, the reagents are first mixed by turbulence, and then the reaction 
is allowed to proceed in a channel where the mixture of reagents is freely drifting and diffusing. 
We have applied the mixing-spraying method to study a fast, biologically significant 
process, the association of the two ribosomal subunits, which is hypothesized to go over 
intermediates that are not fully formed (Hennelly et al., 2005). This process is characterized by 
previous kinetic studies (Antoun et al., 2004; Hennelly et al., 2005; Nguyenle et al., 2006; 
Wishnia et al., 1975) but its structural manifestation is poorly understood.  
Subunit association is an essential step in translation initiation, which is the first step in 
translation and important for translation regulation. When the two ribosomal subunits associate, 




2005; Valle et al., 2003a). The bridges are important for ribosome dynamics and function. For 
example, some of the bridges break and reform during ribosomal intersubunit rotation, an 
essential process in the translocation of the mRNA and tRNAs (Valle et al., 2003a).  
The kinetics of ribosome subunit association was studied using ensemble chemical 
protection assays yielding mutually conflicting interpretations (Hennelly et al., 2005; Nguyenle 
et al., 2006). Hennelly and coworkers proposed that the subunit association may be a multi-step 
process: the core bridges form first, followed by the peripheral bridges (Hennelly et al., 2005). 
Initially, bridges B2c and B2a form, followed rapidly by formation of bridge B5, and then the 
peripheral bridges, such as B7a, are gradually established. According to their model, there should 
be intermediate conformations of the ribosome with partially formed bridges in the early phase 
of the reaction. However, Nguyenle and coworkers (Nguyenle et al., 2006) challenged Hennelly 
and coworkers’ interpretation. They claimed that all the eight bridges they studied, including 
bridges B5 and B7a, have the same association rate constants, suggesting that the subunit 
association is macroscopically a simple bimolecular association reaction. It should be noted that 
both studies are in the time range of 25ms – 50ms to several seconds, and assumed no 
conformational heterogeneity during the association reaction. With the capability of visualizing 
time-dependent structural changes, time-resolved cryo-EM studies of the reaction in the sub-
second time range may contribute to a resolution of this controversy. 
First insights into the structural dynamics of subunit association have come from a recent 
study by Shaikh and coworkers with the mixing-spraying device (Shaikh et al., 2014), which 
favors the interpretation of Hennelly and coworkers (Hennelly et al., 2005). The authors 
concluded that bridges B2c, B4, B5, and B6 were missing in the 70S reconstruction from time-




subunit association according to which the conserved central bridges (e.g. B2a, B3, and B7b) 
form first, followed by the formation of non-conserved peripheral bridges (B1a, B1b, and B8), 
and lastly, by the stabilization of the peripheral end of helix 44. A limitation of this study is the 
low number of particles collected, entailing low resolution of the reconstructions. In the current 
work we have studied this process more extensively, sampling additional time points, increasing 
the resolution by improving the data collection efficiency, and taking advantage of a new 
classification program. At any stage in its time course, a pre-equilibrium system is intrinsically 
heterogeneous, with several states coexisting, so there is a need for computational classification 
to disentangle the different subpopulations, as an essential prerequisite of time-resolved methods.  
In this work, we first improved the mixing-spraying method by designing an 
environmental chamber and optimizing the yield of droplets on the EM grid. We also improved 
the data collection efficiency by using automated data collection with Leginon (Suloway et al., 
2005), and employed 3D classification and reconstruction of single particles by the Bayesian 
approach as implemented in the RELION computer program (Scheres, 2011). Using the mixing-
spraying method, we were able to capture different stages of the ribosomal subunit association 
reaction before it reaches equilibrium. By mixing the two subunits and reacting for 60 ms and 
140 ms, we were able to capture the subunit association reaction in two stages of the reaction 
before equilibrium and detected three distinct conformations of the 70S ribosome. We also 
calculated the proportions of ribosomes in these conformations, which shed light on the 
structural dynamics of subunit association. Thus, we demonstrated the capability of the mixing-








 Determination of reaction time window.  
To choose the proper reaction time for studying ribosome subunit association, we first 
performed a kinetic simulation of the reaction30S + 50S => 70S. We assumed an association rate 
constant of ka = 13.9×106 M-1 s-1 based on a light-scattering measurement (Hennelly et al., 2005), 
and a dissociation rate constant of kd = 0 s-1. We neglected kd in the kinetic simulation in the sub-
second time range, on the grounds that Wishnia and coworkers estimated kd to be lower than 2 s-1 
in high Mg2+ concentration buffer (Wishnia et al., 1975). We chose the concentration of subunits 
to be 1.2 µM for 30S and 0.6 µM for 50S (after mixing), dictated by the balance between the 
particle density on the grid (which determines the data collection efficiency) and the sample 
consumption rate. The simulation results (Fig. 2) indicated that at the concentration we had 
chosen, over 90% of the 50S subunits form 70S ribosome within 200 ms. To capture the reaction 
in a pre-equilibrium system, and also have sufficient data yield for formed 70S particles, we 
chose the total reaction times of 60 ms and 140 ms (see Methods, breakdown of reaction time) 
for our first and second time points in the time-resolved cryo-EM experiment. 
 
 Purity and activity of ribosome subunits.  
We purified the ribosome subunits from E coli MRE600 strain using sucrose density 
gradient ultracentrifugation (Online Methods; Supplementary Fig. 1a-e). The first and second 
round of ultracentrifugation used the Tris-polymix buffer containing 7.5 mM Mg2+ to isolate the 
tight-coupled 70S ribosome. The third and fourth round of ultracentrifugation used the Tris-




subunits. The ribosome profile of the fourth round of sucrose density gradient showed clear 
separation of the 30S and 50S subunits (Supplementary Fig. 1d-e). We also performed 
negative-staining EM on the purified subunits to further confirm their purity. The micrographs of 
the 30S and 50S subunits showed particles exclusively in the elongated shape (characteristic for 
the 30S subunit) and in the crown view (characteristic for the 50S subunit), respectively 
(Supplementary Fig. 1f-g), confirming that the ribosomal subunits used in the time-resolved 
cryo-EM experiment are indeed pure. 
 We then tested the translation activity of the associated 70S ribosome from the purified 
ribosome subunits using the eTLC assay (Supplementary Methods). The results showed that 
associated 70S ribosome are competent for catalyzing the formation of three-amino-acid peptide 
with 81% efficiency in the presence of translation factor EF-G, compared to 10% efficiency in 
the absence of EF-G, confirming high functional activity of the associated 70S ribosome 
(Supplementary Fig. 2a). Moreover, we also demonstrated that mixing the subunits in the 
mixing-spraying device, followed by spraying the resulting 70S ribosomes, does not affect the 
translation activity of the associated 70S ribosomes, as it is comparable to the translation activity 
of ribosomes obtained by mixing the subunits outside the device by gently pipetting 
(Supplementary Fig. 2b). 
 
 Optimization of data yield and quality.  
Low data yield is a major challenge for time-resolved cryo-EM by the mixing-spraying 
method, because only a small fraction of the EM grid is covered with ice that is thin enough for 
collecting high-quality images. We were able to improve the data yield by optimizing the 




we first optimized the size of the droplets and their spreading, to increase the area on the EM 
grid that is suitable for collecting data. We optimized the pressure of the nitrogen gas to yield a 
dense distribution of small droplets from the spray (Fig. 1b). We also plasma-cleaned the EM 
grids freshly to ensure the surface of the carbon-coated grid is hydrophilic, so that the droplets 
can spread thinly on the grid. As a result, the majority of the droplets on the EM grid had a 
diameter smaller than 50 µm and spread thinly on the EM grids, with a thickness suitable for 
collecting high-magnification images (Supplementary Fig. 3a). Secondly, the high yield of 
suitable droplets enabled us to use the program Leginon (Suloway et al., 2005) for automated 
data collection, with manually verified hole targets.  
The quality of time-resolved cryo-EM high-magnification images is comparable with 
those collected from the control experiments using the blotting method. The ramping effect is 
negligible in the time-resolved cryo-EM images (Supplementary Fig. 3c). As a result, for the 
140 ms dataset, we collected 2,586 good out of 8,797 total micrographs from 8 time-resolved 
cryo-EM grids in a total of about 120 hours, and selected 85,880 particles (50S or 70S), using an 
automatic particle selection program Autopicker (Langlois et al., 2014). Similarly, we collected 
816 good micrographs for the 60 ms dataset. 
 
 Strategy for classification.  
Since the data are heterogeneous by nature, i.e., containing molecules differing in 
composition and conformation, we classified the dataset computationally using the program 
RELION (Scheres, 2011). In the first classification, we pooled the 140 ms dataset with three 
control datasets, then traced back each particle to its original dataset after the classification, to 




pre-equilibrium state (see Supplementary Methods). The purpose for pooling the datasets into a 
single one is to classify all the data using the same criterion, thus the proportions of 70S 
ribosome in each conformation in different datasets are comparable. However, if the proportion 
of 70S ribosomes in intermediate conformation(s) is small in the time-resolved 140 ms dataset, 
pooling it with three control datasets will further decrease the proportion of such 70S ribosomes, 
resulting in higher risk of missing the discovery of 70S ribosome in intermediate 
conformation(s). To overcome this shortcoming, we removed two control datasets and included 
another time-resolved dataset, with the idea of enriching the 70S ribosomes in intermediate 
conformation(s). We therefore performed the second classification by pooling the time-resolved 
60 ms, time-resolved 140 ms, and Ctrl 15 min datasets. In addition, the second classification 
could also shed light on the conformational change of 70S ribosome in the early time of subunit 
association, via the comparison of different 70S ribosome populations in the two time-resolved 
datasets (Online Methods, 3D classification).  
 
 Cryo-EM maps of all the classes.  
We identified three classes of 70S and one class of 50S subunits from the second 
classification (Fig. 3). The nonrotated 70S (NR) and rotated 70S (RT) conformations have been 
observed by previous cryo-EM studies (Valle et al., 2003a). The 30S subunit in the 70S RT 
conformation has undergone an 8˚ counterclockwise rotation compared to the 70S NR 
conformation, viewed from the 30S subunit side (Fig. 3c, side view). The other 70S ribosome is 
termed “nonrotated 70S with 30S head swivel” (NRS 70S), because it has a nonrotated 30S 
subunit body almost identical to that in the NR 70S conformation, but a 30S subunit head that 




compared to that in the NR 70S (Fig. 3b, top view).  
All the intersubunit bridges are present in the NR 70S, and most of the bridges are 
present in the NRS 70S and RT 70S (Fig. 3e-f, Supplementary Table 1). To verify that all the 
bridges have formed in the NR 70S as early as 60 ms, we performed 3D reconstruction on the 
70S particles corresponding to the NR 70S conformation from only the time-resolved 60 ms 
dataset (5,499 particles). This reconstruction also shows clear density of helix 44 in 30S subunit, 
as well as bridges B2a, B3, B5, B6a and B6b along helix 44 (Supplementary Fig. 5), indicating 
that all the intersubunit bridges are formed in the NR 70S by the time 60 ms is reached. The NRS 
70S ribosome lacks bridge B1a and has weak density of B1b compared to NR 70S. The RT 70S 
lacks bridges B1a and has weak density for B6b. Its bridge B1b appears rearranged compared 
with NR 70S. Bridge B6b at the distal end of helix 44 of 30S subunit is likely disrupted and 
rearranged during the intersubunit rotation in the RT 70S.  
Our observations suggest that the 30S head swivel and intersubunit rotation likely 
represent intrinsic flexibility of the 70S ribosome in the absence of mRNA and tRNA, which can 
occur during the early phase of subunit association. Moreover, the 30S head swivel is likely 
decoupled from the 30S body rotation in the absence of tRNAs and mRNA, consistent with 
previous structural studies (Agirrezabala et al., 2012; Ratje et al., 2010), but in contradiction to 
kinetic studies by the Noller group (Guo and Noller, 2012). To better understand the order of 
events upon subunit association, we compared the fraction of 70S ribosomes in different 
conformations as reaction time increases.  
 
 Quantifying the percentages of ribosome in different conformations.  




conformations emerge, we traced back the members of the 50S class and each 70S class to each 
experiment, and then calculated the proportions of the three conformations of 70S ribosomes in 
each dataset. In the first classification, we quantified the percentage of 70S particles in the total 
50S-containing particles (i.e., 50S subunit and 70S ribosome). The time-resolved 140ms data set 
has 45% 70S, which is much lower than 89% in the Ctrl 15 min experiment. Consistently, in the 
second classification, the percentages of 70S particles in the total 50S-containing particles are 
33% (60 ms), 42% (140 ms), and 85% (Ctrl 15 min) (Fig. 4a, Supplementary Table 2). The 
errors, generated from four runs of RELION classification, are in the range 2% – 4%. Single-
tailed t-tests show that the proportion of 70S ribosome increases significantly with time (p = 3E-
3 for 60 ms vs 140 ms data; p = 5E-8 for 140 ms vs 15 min data). Therefore, by 140ms, a 
significant proportion (85% - 42% = 43%) of all 50S subunits has not yet associated with 30S 
subunits, but retained the capability of doing so. In other words, the time-resolved 60 ms and 140 
ms samples were indeed captured in pre-equilibrium states of the subunit association reaction. In 
addition, the expected values from kinetic simulation (Fig. 2) are 58%, 83%, and 100%, 
respectively. Therefore, the kinetics of subunit association reaction in the time-resolved device is 
consistent with, although slower than, that measured by ensemble light scattering assays 
(Hennelly et al., 2005).  
 We then quantified the proportion of 70S particles in each conformation in the total 70S 
particles in the second classification (Fig. 4b, Supplementary Table 3). First, the proportion of 
RT 70S is low, but it increases significantly with time. Single-tailed t-tests yield p = 2E-3 for 60 
ms vs 140 ms data, and p = 2E-4 for 140 ms vs 15 min data. Secondly, the proportions of NR 
70S and NRS 70S appear to decrease and increase, respectively, from 140 ms to 15 min, while 




conformation, single-tail t-tests yield p = 0.5 for 60 ms vs 140 ms data, and p = 5E-3 for 140 ms 
vs 15 min data. For the 70S NRS conformation, single-tail t-tests yield p = 0.2 for 60 ms vs 140 
ms data, and p = 6E-3 for 140 ms vs 15 min data. These observations suggest that the 
conformational changes in the 70S ribosome (i.e., 30S head swivel and intersubunit rotation) are 
likely to occur immediately upon subunit association, and reach equilibrium well before the first 
time point in our experiment (60 ms).  
 
DISCCUSION 
Model of the structural dynamics of ribosome subunit association.  
Our study unveils multiple 70S conformations during the early phase of ribosome subunit 
association. Based on these observations, we propose that upon initial subunit association, the 
70S ribosome undergoes fast conformational changes among the NR, NRS, and RT 
conformations, which reach equilibrium much earlier than the first time point we studied (60 
ms). This model is consistent with the notion established by single-molecule FRET studies that 
the ribosome can spontaneously undergo fast (on the level of tens of milliseconds) intersubunit 
rotation in the absence of a P-site peptidy-tRNA (Blanchard et al., 2004; Cornish et al., 2008; Fei 
et al., 2008; Horan and Noller, 2007; Kim et al., 2007).  
In addition, our model is in good agreement with that proposed from ensemble kinetic 
studies by Noller group (Nguyenle et al., 2006), and provides more microscopic details since we 
were able to resolve multiple conformations. We did not observe that the intersubunit bridges 
form in a stepwise manner, as proposed by Hennelly and coworkers (Hennelly et al., 2005). 
Instead, the 70S NR conformation has all the bridges formed, and the missing bridges in NRS 




interactions accompanying those conformational changes. 
Compared with the previous time-resolved cryo-EM studies on subunit association 
(Shaikh et al., 2014), which conclude that bridges B2c, B4, B5, and B6 form later than 43 ms, 
our 60 ms dataset yielded an NR 70S ribosome containing all the bridges including these four. 
Our 60 ms data and their 43 ms data shared the same design of mixing-spraying chip, the same 
recipe of buffer, and similar purification procedures for ribosome subunits, but our plunging time 
(18 ms) is longer than theirs (5 ms). Conceivably, the difference between our and their 
observations may be attributed to the difference in plunging time, during which the ribosome 
sample undergoes a drastic climate change (i.e., from room temperature humid air to near-liquid 
nitrogen temperature dry air). Another possible reason is the difference in the resolution of the 
maps, with 9-12Å in our study and 23-33Å in theirs. 
At the current resolution, the NR 70S and NRS 70S maps in our study have overlapping 
30S subunit body, but different conformations in the 30S head, indicating that in the absence of 
mRNA and tRNA, the 30S head swivel is not coupled to the 30S body rotation. Previous cryo-
EM and crystallography studies suggested that 30S head swivel is likely coupled to intersubunit 
rotation during translocation (Valle et al., 2003a; Zhou et al., 2013), although other studies 
claimed the opposite (Ratje et al., 2010). Comparison of this work with the previous studies 
highlights the importance of mRNA and tRNAs in defining and modulating the dynamics of the 
30S subunit head.  
The low proportion of RT 70S (10% – 20%) can be attributed to the high Mg2+ 
concentration in the buffer, which is known to bias the equilibrium between ribosome nonrotated 
and rotated conformations toward the nonrotated form (Kim et al., 2007). How the buffer 




among ribosome conformations will require future studies. 
 
In this study we have demonstrated that the mixing-spraying method of time-resolved 
cryo-EM is able to capture the pre-equilibrium state of a macromolecular reaction within tens of 
millisecond time scale. We used this method to study ribosome subunit association, and revealed 
three 70S ribosome conformations in the early phase of the association reaction. Quantification 
of the proportions of particles corresponding to these conformations suggested that the 70S 
ribosome, upon formation, can undergo fast conformational changes, and reaches equilibrium 
among these conformations earlier than 60 ms. The large-scale conformational changes of the 
ribosome, namely the 30S subunit head swivel and intersubunit rotation, are likely spontaneous 
for 70S ribosome in the absence of mRNA and tRNAs. In the future, it will be interesting to 
study translation initiation using time-resolved cryo-EM, to compare with this study and shed 
light on the role of mRNA, initiator tRNA and initiation factors in the association reaction. The 
mixing-spraying method can also be applied to a wide variety of reactions involving 
macromolecules, including translation decoding and ribosome recycling. 
 
METHODS 
Methods and associated references are available in the online version of the paper at 
http://www.nature.nsmb.com/. 
 
Accession codes. The electron microscopy (EM) maps have been deposited in the EMBL-
European Bioinformatics Institute EM Data Bank under accession codes EMD-XXXX, EMD-
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FIGURES and FIGURE LEGENDS 
 
 
Figure 1. Setup of the time-resolved cryo-EM apparatus. (a) Schematic view of the mixing-
spraying device. The EM grid moves perpendicular to the paper. (b) Photograph of the spray of 
droplets, illuminated by a green laser at the point just before the grid passes through the spray 
mist in the direction perpendicular to the paper. (c) Photograph of the mixing-spraying chip 
situated inside the environmental chamber. 
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Figure 2. Kinetic simulation of the ribosome subunit association reaction. The association 
constant used, ka = 13.9 µM-1 s-1 is based on the work by Ehrenberg’s and Hill’s labs (Hennelly et 
al., 2005). The reaction starts at the time 0 when 1.2 µM 30S and 0.6 µM 50S (both final 





Figure 3. Cryo-EM maps of 70S in three conformations and 50S from the experiments. (a) Non-
rotated 70S ribosome (NR). (b) Non-rotated 70S ribosome with 30S head swivel (NRS). (c) 
Rotated 70S ribosome (RT). (d) 50S ribosome subunit. (e) Segmentation of the 70S NR map, 
showing the bridges that are present in 70S NR map. (f) Segmentation of the 70S RT map, 
showing the bridges that are present in 70S RT map. 
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Figure 4. Overview of experimental yields in the four experiments: 60 ms, 140 ms and 15 min 
control (Ctrl15 min), (a) Ratios of 50S subunits to 70S ribosomes; (b) ratios of 70S ribosome 
conformations: rotated (RT), nonrotated with 30S head swivel (NRS), and nonrotated (NR) with 
estimation of error range in the classification. The error was calculated from four independent 






 Kinetic simulation. To simulate the concentration change in the reaction: 30S + 50S => 
70S, the concentration of the 70S ribosome is calculated by using: dc(70S) / dt = ka × c(30S) × 
c(50S) – kd × c(70S). The simulation starts (t = 0 s) when 1.2 µM 30S and 0.6 µM 50S (both 
final concentration after mixing) are mixed thoroughly.  
 Buffers. For ribosome storage, we used Tris-M3.5 buffer (25 mM Tris-HCl, pH 7.6, 60 
mM NH4Cl, 5 mM 2-mercaptoethanol, 3.5 mM MgCl2). For negative staining EM experiments, 
we used Tris-M10 buffer (25 mM Tris-HCl, pH 7.6, 60 mM NH4Cl, 5 mM 2-mercaptoethanol, 
10 mM MgCl2). For peptide synthesis assay, we used PolyMix-M7 buffer (50 mM Tris acetate, 
pH 7.0 at 25 °C, 100 mM KCl, 5 mM NH4OAc, 7 mM Mg(OAc)2, 0.5 mM Ca(OAc)2, 0.1 mM 
EDTA, 10 mM 2-mercaptoethanol, 5 mM putrescine dihydrochloride, 1 mM spermidine free 
base). For preparing time-resolved cryo-EM grids, we used HEPES-M12 buffer (20 mM 
HEPES-KOH, 30 mM NH4Cl, 5 mM 2-mercaptoethanol, 12 mM MgCl2) to induce spontaneous 
ribosome subunit association, in the absence of mRNA, initiator tRNA and initiation factors. 
Ribosome subunit purification. Ribosome subunits of the tight-coupled 70S ribosomes 
were purified using sucrose density gradient as describe previously (Fei et al., 2010). 
Specifically, tight-coupled 70S ribosome from E. coli strain MRE600 was isolated from the rest 
of the cell components at 7.5 mM Mg2+ concentration, and then split to the subunits via dialysis 
against the buffer containing 1.0 mM Mg2+. 
Mixing-spraying device. This device, developed by Lu and coworkers (Lu et al., 2009), 
is a small silicon chip containing nano-fabricated channels, which combines the functionalities of 




and mixed passively by turbulence (within 0.5ms at total flow rate of 6 µL/s). The mixture reacts 
for a certain time while flowing through the channel, then it is made into spray at the outlet 
nozzle where it meets the compressed nitrogen gas. In this work we used chips with 38 ms and 
107 ms mean reaction time. 
Environmental chamber. We designed an environmental chamber to monitor and 
maintain the temperature and humidity during the time the time-resolved cryo-EM grid is 
sprayed and plunged (Fig. 1c). The environmental chamber is connected to a water tank, which 
is equipped with a sonicator and an air pump to generate humidified air. During the experiment, 
the ambient conditions can be maintained at 24-26 ˚C and 80%-90% relative humidity 
(equivalent to 0.016 – 0.018 gram of water per gram of dry air). 
Preparation of cryo-EM grids for time-resolved cryo-EM experiment. The ribosome 
subunit association reaction was performed using the mixing-spraying device as previously 
described (Lu et al., 2009), with some alterations. Specifically, Quantifoil R2/2 300 mesh Cu EM 
grids were carbon-coated, then glow-discharged within 3 h before grid preparation, using Gatan 
Solarus 950 with H2 at flow rate 6.4 Standard Cubic Centimeters per Minute (sccm) and O2 at 
flow rate 27.5 sccm, at 25 W for 25 sec. Equal volume of 1.2 µM 30S and 0.6 µM 50S (final 
concentration after mixing) were injected into the mixing-spraying device each at flow rate of 3 
µL/s. Compressed nitrogen gas was kept at 3.44×105 Pa and humidified by passing through two 
consecutive water tanks.  
In control experiments, we used the same batch of purified ribosome subunits, as used in 
time-resolved cryo-EM experiment, to prepare cryo-EM specimens using the standard blotting 
method. The 30S and 50S subunits were mixed by gentle pipetting at the same concentration as 




time (15 min or 75 min), then diluted using HEPES-M12 buffer (or Tris-M10 buffer, if 
indicated) to about 30 nM 50S concentration within 5 min before preparing the cryo-EM 
specimens using Vitrobot Mark IV (FEI, Hillsboro, Oregon). 
Collection of time-resolved cryo-EM data using the Leginon program. The cryo-EM 
data were collected, as previously described (Grassucci et al., 2008), in low-dose mode on an FEI (Hillsboro, 
Oregon) Tecnai F20 TEM at 200-kV extraction voltage with the automated image collection 
program Leginon (Suloway et al., 2005). Micrographs were recorded on a Gatan (Warrendale, 
PA) UltraScan 4000 CCD camera with effective CCD magnification of 66,813× and pixel size of 
2.25 Å on the object scale. For the time-resolved cryo-EM specimens, only the holes close to the 
edge of an ice blot are suitable for collecting high-magnification images. 
3D classification by using RELION. In the classification of single particles to identify 
70S ribosome in different conformations, the datasets of time-resolved 60 ms, time-resolved 140 
ms, and Ctrl 15 min were pooled together for classification and 3D reconstructions, so that all the 
individual datasets were classified using the same criteria, and therefore the classification results 
(i.e., the relative fraction of each conformation) among the datasets were comparable. The 50S 
and 70S particles were then traced back to each experiment, to quantify the fraction of 70S in 
50S-containing particles, and the relative fraction of each 70S conformation in the total 70S 
particles. We used the RELION program in a stepwise hierarchical classification to discard bad 
particles identified by the automatic particle-picking program, to separate the 50S subunit from 
the 70S ribosome, and to sort out the various conformations of the 70S ribosome 
(Supplementary Fig. 4a). Specifically, the reference volume for the initial alignment of the total 
set of putative particles was chosen to be a 50S subunit density map (the cryo-EM map of empty 




to 60 Å. We used the particle data in un-decimated form in the 3D classification, as well as in the 
final steps of 3D reconstruction and refinement.  
In step (1), the datasets of time-resolved 60 ms (after bad particles discarded, 38,316 
particles), time-resolved 140 ms (82,574 particles), and Ctrl 15 min (55,369 particles) were 
combined to form the total dataset (176,259 particles) (Supplementary Fig. 4a). In step (2), the 
total dataset was separated into 10 classes using RELION 3D classification. The classification 
results were analyzed using a novel quantitative analysis method (Shen et al., 2014), and the 
reconstructions from the different classes were examined by using the UCSF Chimera (Pettersen 
et al., 2004) program. The classes yielding a reconstruction of 50S subunit (81,399 particles) 
were kept for refinement in step (4). The classes yielding a reconstruction of 70S ribosome 
(94,860 particles) were kept for step (3) of the classification. In step (3), the classes yielding 70S 
reconstructions (94,860 particles) were classified into 8 classes. The classes resulting in bad 
reconstructions, likely due to remaining unrecognizable particles, were discarded, keeping 
75,254 particles of 70S ribosomes. The remaining classes were regrouped based on the 
conformation of their resulting reconstructions: non-rotated 70S (NR) (39,678 particles), non-
rotated 70S with 30S-head swivel (NRS) (24,447 particles), and rotated 70S (RT) (11,129 
particles). In step (4), each class of 70S ribosomes or 50S subunits was refined using 3D auto-
refinement with data in un-decimated form. In step (5), the particles were traced back to each 
experiment, to quantify the percentage of 70S and the relative fraction of 70S in each 
conformation. Steps (2) to (5) were repeated three more times to estimate the error of the 3D 
classification process. 
Resolution measurement. We assessed the resolutions of the reconstructions of 70S 




standard criterion (Scheres and Chen, 2012). For each of the classes, we first performed 
RELION 3D auto-refinement separately on two randomly-split half datasets, following the gold-
standard protocol, yielding two unfiltered volumes. Then we multiplied these two unfiltered 
volumes with a soft Gaussian mask having 0.5 fall-off at 5 pixels (11.2 Å) outside the ribosome, 
to eliminate peripheral noise. We then calculated the Fourier Shell Correlation (FSC) between 
the two masked volumes (Supplementary Fig. 4), and used the FSC = 0.143 criterion to 
determine the gold-standard resolution as 9.7 Å (70S NR), 11.1 Å (70S NRS), 11.6 Å (70S RT), 
9.5 Å (50S). 
Segmentation of the maps. We first performed amplitude-correction by using the EM-
bfactor program (Fernández et al., 2008; Rosenthal and Henderson, 2003) and low-pass filtered 
the reconstruction of each class from step (4) of computational classification, yielding the “final” 
maps. We then segmented each final map in UCSF Chimera (Pettersen et al., 2004) with the aid 
of known crystallographic structures of 70S ribosomes (PDB ID: 2AVY, 2AW4, 2AW7, 2AWB) 
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Check for purity of ribosome subunits by negative staining EM. Samples of 30S and 
50S subunits each was diluted to 1.2 µM using Tris-M10 buffer, and incubated at 37 ˚C for 15 
min, then diluted to 30 nM using Tris-M10 buffer just before application to the EM grid. 5 µL of 
each specimen was applied on the EM grid for 30 sec, then wicked off by filter paper. 3 µL 2% 
uranium acetate was then applied to the EM grid for 30 sec, wicked off by filter paper. The 
staining process was repeated for three times total. The resulting negative staining EM grids 
were stored at room temperature and examined on the F20 TEM. 
Assay of peptide synthesis activity of the associated ribosomes using electrophoretic 
thin-layer chromatography (eTLC). The polypeptide synthesis assay was performed as 
previously described (Fei et al., 2010), with minor alterations. Specifically, to test the translation 
activity of the purified ribosome subunits, we used the f-[35S]Met-Phe-Lys tripeptide assay. The 
initiation complex mix contained (final concentration of each component in the peptide synthesis 
reaction, in the order of adding reagents, the same below), in PolyMix-M7 buffer: 0.6 µM IF1, 
0.6 µM IF2, 0.6 µM IF3, 1 mM GTP, 0.4 µM 30S (or 50S, or both purified subunits mixed by 
gentle pipetting, the concentration determined by light absorption at 260 nm), 0.8 µM mRNA 
(pT7gp32 mRNA coding for Met-Phe-Lys-Glu), and 0.2 µM f-[35S]Met-tRNAfMet. The ternary 
complex mix contained 8 µM EF-Tu, 1 µM EF-Ts, 1 mM GTP, 0.8 µM Lys-tRNALys, 0.8 µM 
Phe-tRNAPhe. The EF-G mix contained 1 mM GTP, 1.6 µM EF-G. Each peptide synthesis 
reaction was performed by mixing 2 µL initiation complex with 1.6 µL ternary complex mix, 
then with 0.4 µL EF-G mix (or buffer), and incubating at 37 ˚C for 2 min (unless otherwise 
indicated), then quenching with 0.5 mM KOH to 160 mM final concentration. The eTLC is 




products on the resulting eTLC were quantified using the phosphor imager. The peptide 
formation efficiency (Epep) was calculated by using: Epep = Itripeptide / (Itripeptide + Idipeptide), where 
Idipeptide, Itripeptide re+s the integrated intensity of the spot on the phosphor image corresponding to 
f-[35S]Met-Phe, f-[35S]Met-Phe-Lys, respectively. 
Assay by puromycin reaction. Furthermore, to compare the translation activity of 
ribosome subunit mixed in the time-resolved device vs. mixed by pipetting, we used the f-
[35S]Met-puromycin (Pmn) formation assay. The puromycin reaction reports the total amount of 
ribosome-bound P-site f-[35S]Met-tRNAfMet that is competent for the peptide transfer reaction. 
The initiation complex mix contained (final concentration): 0.5 mM GTP, 0.45 µM IF1, 0.45 µM 
IF2, 0.45 µM IF3, 0.3 µM f-[35S]Met-tRNAfMet, 0.9 µM mRNA, and ribosome subunit mixture 
(0.39 µM 30S and 0.19 µM 50S, concentration determined by light absorption at 260 nm). The 
puromycin mix contained 1 mM Pmn. The puromycin reaction was performed by mixing 2 µL 
initiation complex mix with 2 µL Pmn mix (or buffer, if indicated), and incubating at 37 ˚C for 1 
min, then quenching with 1 M KOH to 330 mM final concentration. The eTLC was performed as 
previously described (Fei et al., 2010; Youngman et al., 2004). 
Breakdown of reaction time in time-resolved cryo-EM experiment. (1) The reaction 
time has a finite distribution, which was estimated by fluid dynamic simulation. For the chip 
having a mean reaction time of 38 ms (calculated by dividing the total volume of the reaction 
channel by the total flow rate), the most populated reaction time (peak time) is about 27-31 ms. 
The cumulative fractions of the solution having a reaction time no more than a cut-off time (in 
parentheses) are: 20% (29 ms), 40% (31 ms), 60% (38 ms), 80% (57 ms). For the chip having a 
mean reaction time of 107 ms, the peak time is about 67-73 ms. The cumulative fractions of the 




80% (126 ms). (2) Droplets take less than (10 mm / (6 µl/s / 30 µm / 40 µm) =) 2 ms to fly to the 
EM grid. (3) After the droplets have hit the EM grid, it takes (35 mm / 1.0 m/s =) 35 ms to 
plunge the EM grid into liquid ethane at 1.0 m/s plunging velocity (calibrated speed of stepping 
motor) when performing the experiments using the 107 ms chip. It takes 18 ms at 2.0 m/s when 
using the 60 ms chip. (4) Once grid is immersed in cryogen, freezing takes ~ 0.1 ms (Cyrklaff et 
al., 1990). Therefore, the total mean reaction time is 107 ms + 2 ms + 35 ms + 0.1 ms ~ 144 ms 
for the 107 ms chip (i.e., approximately 140 ms), and 38 ms + 2 ms + 18 ms + 0.1 ms ~ 58 ms 
for the 38 ms chip (approximately 60 ms). 
Automatic particle-picking. We kept 816 and 2,586 good micrographs for the time-
resolved cryo-EM 60 ms and 140 ms dataset, respectively, characterized as having visible 
ribosome particles and round Thon rings extended to about 15-12 Å by visual examination, 
which were comparable in quality with cryo-EM images obtained with the blotting method. We 
also kept 453, 264, and 1019 good micrographs from the Ctrl 15 min, Ctrl 75 min, and Ctrl 15 
min Tris datasets, respectively. We then pooled all the good micrographs from all four 
experiments together, and used an automatic particle-picking program Autopicker (Langlois et 
al., 2014) to select a total of 906,896 putative particles (i.e., 50S subunits, 70S ribosomes, ice 
blobs, and any other particles). 70S ribosome and 50S subunit are similar in size and shape, 
therefore both are selected by the program. The particle-picking was performed on the 60 ms 
dataset using the same parameters as the above pooled dataset. Although some dimers of 
50S:50S and trimers of 50S:30S:30S were observed in the micrographs (see Shaikh et al., 2014), 
they were excluded from downstream processing through control of the selection window size in 
Autopicker (Langlois et al., 2014). 




the three control experiments behave similarly, the single-particle datasets of time-resolved 140 
ms, Ctrl 15 min, Ctrl 75 min, and Ctrl 15 min Tris were pooled together for classification and 3D 
reconstructions, so that all the individual datasets were classified using the same criteria, and 
therefore the classification results among the datasets are comparable. The 50S and 70S particles 
were then traced back to each experiment, to quantify the fraction of 70S in 50S-containing 
particles, and the relative fraction of each 70S conformation in the total 70S particles. We used 
the RELION program in a stepwise hierarchical classification to discard bad particles identified 
by the automatic particle-picking program, to separate the 50S subunit from the 70S ribosome, 
and to sort out the various conformations of the 70S ribosome. Specifically, the reference volume 
for the initial alignment of the total dataset of putative particles was chosen to be a 50S subunit 
density map (the cryo-EM map of empty 70S ribosome (Valle et al., 2003b) with 30S subunit 
computationally removed), low-pass filtered to 60 Å. To speed up the classification, we used the 
particle data in twofold decimated form for classification, and used the data in un-decimated 
form only in the final steps of 3D reconstruction and refinement.  
In step (1), the total dataset (906,896 particles) was separated into 12 classes using 
RELION 3D classification with a 7.5˚ angular sampling interval. The classification results were 
analyzed using a quantitative analysis method (Shen et al., 2014), and the reconstructions from 
the different classes were examined by using UCSF Chimera (Pettersen et al., 2004) program. 
The classes resulting in bad reconstructions (i.e., particles fragmented or unrecognizable; 
210,848 particles in total) were discarded. The classes yielding a reconstruction of either 70S 
ribosome or 50S were kept for step (2) of the classification. In step (2), the remaining particles 
(696,048 particles) were classified into 12 classes. Classes yielding reconstructions of 70S 




particles). In step (3), the classes from the second step yielding 70S reconstructions (478,383 
particles) were classified into 10 classes, and the classes resulting in bad reconstructions, likely 
due to remaining unrecognizable particles, were discarded, keeping 272,717 particles of 70S 
ribosomes. In step (4), the classes from step (2) yielding 50S reconstructions (217,665 particles) 
were classified into 8 classes, and the classes yielding reconstructions of 50S subunits were kept 
(97,338 particles). In step (5), the computationally cleaned 70S particles from step (3) (272,717 
particles) were pooled together for 3D auto-refinement, to align the particles to a common 
reference volume of the 70S ribosome from step (2). Then the aligned particles were classified 
into 12 classes using a 1.8˚ angular sampling interval. The classes were regrouped based on their 
resulting reconstructions: non-rotated 70S (NR) (83,877 particles), non-rotated 70S with 30S-
head swivel (NRS) (87,169 particles), and rotated 70S (RT) (81,449 particles). In step (6), each 
class of 70S ribosomes or 50S subunits was refined using 3D auto-refinement with data in un-
decimated form. In step (7), the particles were tracked back to each experiment, to quantify the 
percentage of 70S and the relative fraction of 70S in each conformation.  
Measurement of 30S subunit rotation. The difference in rotation of the 30S ribosomal 
subunit between two different 70S ribosomes was measured in UCSF Chimera using inertial 
axes (Pettersen et al., 2004). We first fitted the two 70S maps on a common 50S subunit 
reference map, and then fitted a common crystallographic structure of 30S subunit into each 70S 
map. We then calculated inertial axes of all the phosphate atoms in the two fitted 30S structures, 






Supplementary Figure 1. Ribosome subunit purification. (a, b) Profiles of the first and second 
round of sucrose gradient in the presence of 7.5 mM Mg2+ to isolate tight-coupled 70S ribosome. 




coupled 70S ribosome into 30S and 50S subunits. (d, e) Profiles of the fourth round of sucrose 
gradient in the presence of 1.0 mM Mg2+ to isolate 30S subunit and 50S subunit, respectively. (f, 





Supplementary Figure 2. Translation activity assays for the associated ribosome complex. (a) 
Tripeptide formation assay for the associated ribosome formed from the purified 30S and 50S 
subunits (see Methods for experimental details). Lane 1: added puromycin (Pmn) to the 70S 
initiation complex (IC), and incubated at 37°C for 1 min. Lanes 2 and lane 3: added ternary 
complexes of tRNAPhe and tRNALys in the absence of EF-G, and incubated at 37°C for 1 min and 
2 min, respectively. Lanes 4 and lane 5: added ternary complexes in the presence of EF-G, and 
incubated at 37°C for 1 min and 2 min, respectively. (b) Comparison of activity of ribosomes 
mixed in time-resolved mixing-spraying device versus mixed by pipetting (see Methods for 
experimental details). Lane 1: used 30S/50S mixture collected from the mixing-spraying device 
to form the 70S translation initiation complex, then added puromycin and incubated at 37°C for 
1 min. Lane 2: used the 30S/50S mixture resulting from gently pipetting to form the 70S 
translation initiation complex, then added puromycin and incubated at 37°C for 1 min. Lane 3: 





Supplementary Figure 3. Example of time-resolved cryo-EM images collected using Leginon 





Supplementary Figure 4. Schematic of single-particle analysis and classification, and the FSC 
curve for each class. (a) The time-resolved and control datasets (top row) were pooled for 
automatic particle-picking and multiple, step-wise 3D classification, then traced back to each 
dataset to calculate the fraction of 70S ribosomes and 50S subunits (see Methods, 3D 
classification). (b-e) The FSC curve for each class of reconstruction: nonrotate (NR) (b), 
nonrotated with 30S head swivel (NRS) (c), rotated (RT) (d), and 50S subunit (d). 
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Supplementary Figure 5. The 3D reconstruction of 70S NR conformation from 5,499 particles 
in the time-resolved 60 ms dataset. Crystallographic structure of 70S ribosome (PDB ID: 2AVY, 
2AW4) is rigid-body fitted into the density map for visual aid. The zoom-in image on the right 
shows a clear density of helix 44 of 30S subunit. Bridges B2a, B3, and B5 are visible in this 





Supplementary Table 1. Presence of intersubunit bridges in different conformations of 70S 
ribosome. 
Bridge NR NRS RT 
B1a + – – 
B1b + + + 
B2a + + + 
B2b + + + 
B2c + + + 
B3 + + + 
B4 + + + 
B5 + + + 
B6a + + + 
B6b + + – 
B7a + + + 
B7b + + + 
B8a + + + 
B8b + + + 
 
Note: Bridge assignment is based on (Dunkle et al., 2011; Gabashvili et al., 2000; Schuwirth et 




Supplementary Table 2. Percentage of 70S ribosome in total 50S-containing particles in each 
dataset. 
Percentage (%) 60ms 140 ms 15 minute  
50S 66.8 ± 3.4 58.2 ± 2.1 15.3 ± 2.0 
70S 33.2 ± 3.4 41.8 ± 2.1 84.8 ± 2.0 
 
Note: The percentage value is shown as average ± standard deviation. Standard deviation is 




Supplementary Table 3. Percentage of 70S ribosome in each conformation in total 70S particles 
in each dataset. 
Percentage (%) 60 ms 140 ms 15 min  
70S NR 61.6 ± 4.1 61.8 ± 5.3 48.0 ± 4.9 
70S NRS  27.8 ± 4.5 25.4 ± 5.6 33.1 ± 6.3 
70S RT 10.7 ± 0.7 12.8 ± 0.7 18.9 ± 1.6 
 
Note: The percentage value is shown as average ± standard deviation. Standard deviation is 
calculated from four runs of RELION 3D classification. 
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5.3. Time-resolved cryo-EM study of translation decoding 
 
5.3.1. Specific aims 
To answer the question as how the cognate aa-tRNA is recognized vs. near-cognate aa-
tNRA, the kinetic proofreading model proposed that two stages in decoding, initial selection and 
proofreading, collectively contribute to the high selectivity (see Section 1.4.1). Although the 
kinetic proofreading model has been refined by kinetic and structural studies, some transient 
intermediate conformations of the ribosome complex in the decoding process have not been 
trapped biochemically or visualized. The goal of the time-resolved cryo-EM study on decoding 
was to assess the efficiency of mixing-spraying method, and to capture the transient 
conformations of ribosome complexes in the decoding process.  
 
5.3.2. Kinetic simulation and experimental design  
To choose the reaction time, I performed a kinetic simulation on the decoding process 
(Fig. 5.5) based on the kinetic rate constants reported by Rodnina’s group (Table 5.1) 
(Gromadski and Rodnina, 2004; Rodnina et al., 1995; Rodnina et al., 1994; Rodnina et al., 1996; 
Rodnina and Wintermeyer, 2001). The rate constants using cognate tRNA and 3.5 mM Mg2+ 
were used in the simulation. The process starts upon mixing 1 µM (final concentration after 
mixing, the same below) 70S IC with 2 µM aa-tRNA·EF-Tu·GTP ternary complex (TC) at room 
temperature. The simulation results indicated that the peptidyl transfer reaction finishes within 
0.5s, while the intermediate state S5 populates (about 68%) at around 50ms (Fig. 5.6).  
To test the robustness of the kinetic simulation, I changed the kinetic rate constants to 




population of S5 ranged from 54% to 77%. I also calculated the convolution of the reaction time 
distribution of the mixing-spraying chip with the decoding kinetic simulation. The convolution 
results were: the fraction populations of S0, S1, S2, S4, S5, and S7 were 0.17, 0.02, 0.02, 0.15, 
0.48, and 0.11, respectively. Therefore, if the decoding reaction is stopped at 50 ms, over 50% of 
the 70S IC will be in S5, bound with a TC in which the EF-Tu is in the GDP-bound form. This 
observation is consistent with the proposal that S5  S6 is a rate-limiting step (the 
conformational change and release of EF-Tu, and tRNA accommodation). However, one caveat 
is that Rodnina’s group only derived k6 from global fitting, and could not directly measure it. 
The experimental design, based on the simulation results, was to mix 70S IC and TC in 
the chip and react for 50ms, expecting that about 50% – 80% of the active 70S IC will contain A-
site aa-tRNA and EF-Tu. As a control experiment, adding kirromycin (kir) in the 70S IC solution 
will stall the decoding process at S4 (80% –90%) as previously studied by cryo-EM (Fig. 1.6) 
(Agirrezabala and Frank, 2009). Ribosome complexes in S4 and S5 will both contain TC, while 




Table 5.1 Kinetic constants in translation decoding reported by Rodnina’s group.  
State     Cognate  Near-cognate  
tRNA     Yeast Phe  Leu  Phe  
codon     UUU  UUU  CUC  
c(Mg2+)/mM     10  5  3.5 10  3.5  
Initial binding  k1a  110  60  140 ± 20 110  140  
   k-1  25  30  85 ± 25 25  85  
Codon recognition  k2  100  80  190 ± 20 100  190  
   k-2  0.2  2  0.23 ± 0.05 17  80  
GTPase activation and GTP hydrolysis  k3+4  500  55  260 ± 60 50  0.4  
GTP-GDP conformation change of EF-Tu  k5  60  60  60b ± 20b 50  50b  
aa-tRNA accommodation and peptide bond formation  k6  7  8  8b ± 1b 0.1  0.1b  
Dissociation of EF-Tu  --  3  4  4b ± 1b 2  2b  
aa-tRNA rejection  k6’  <0.3  0.1b  0.1b 6  6b  
a: k1 has unit μM-1s-1, the other kinetic constants have unit s-1. 
b: estimation based on related data. 
Notes: kGTP (k4) and kpep (k7) are very large and thus grouped with k3 and k6, respectively. kPi (k5) 
of 23 s-1 (10 mM Mg2+) is rate limiting in GTP-GDP conformation change of EF-Tu. Departure 
of EF-Tu is grouped in k6 and k6’. S1, S5, S11 are transient states. The rate constants using 
cognate tRNA and 3.5 mM Mg2+ (bold) were used in the kinetic simulation. Data are from 
references (Gromadski and Rodnina, 2004; Rodnina et al., 1995; Rodnina et al., 1994; Rodnina 


























































Figure 5.5 Kinetic simulation of translation decoding. (A-B) The concentrations of 70S 
ribosome complexes in different states vs. time trajectories. See Fig. 1.6 for the description of 
these states. The reaction time range is 500 ms (A) and 50 ms (B). The decoding process starts 




tRNA·EF-Tu·GTP ternary complex (TC) at room temperature. The rate constants using cognate 




5.3.3. Methods and materials 
The decoding reaction was in HiFi buffer (50 mM Tris-HCl pH 7.5, 70 mM NH4Cl, 30 
mM KCl, 3.5 mM MgCl2, 0.5 mM spermidine, 8 mM putrescine, and 2 mM dithiothreitol). 
Solution 1 contained 2 µM pre-made 70S IC provided by Hani Zaher at Johns Hopkins 
University (JHU), which was frozen in aliquots and thawed on ice before use. The peptidyl 
transferase activity of the 70S IC maintained after three freeze/thaw cycles. Solution 2 contained 
4 µM TC made fresh +/- 0.5mM kirromycin. To prepare the TC, 2mM GTP, 30 µM EF-Tu, and 
0.2 µM EF-Ts were first mixed in HiFi buffer and incubated at 37°C for 15min; then 4 µM Phe-
tRNAPhe, +/- 0.5mM kirromycin were added to the mixture and incubated at 37°C for 15min. 
The 1mM EF-Tu stock contained 50% glycerol; final glycerol concentration on the cryo-EM grid 
was about 1%. 
Time-resolved cryo-EM data collection was performed on Philips Technai F30 Polara 
EM at 300kV extraction voltage, with magnification 59,000× and post-magnification 1.75×. 
Micrographs were recorded on a 4096×4096 16 bit TVIPS CCD camera binned by 2×, resulting 
in a pixel size of 3Å at the object scale. The work flow and efficiency were as follow: First, 
SerialEM program was used to scan the grid at low magnification (200×) (30 min), and log the 
positions of good holes (about 100 holes per hour). AutoEMation program was then used to 
automatically take high magnification images (about 1.5 hours for initialization of AutoEMation, 
then about 50 holes per hour, with 4 CCD micrographs per hole). In summary, 6711 CCD 
micrographs were collected from 11 grids. Among these, there were 668 good micrographs, 
which contained visible particles, and had round Thon rings in the power spectrum image. The 
668 good micrographs were separated into 10 defocus groups, with total defocus range (-24,924 




particles were manually selected. The data yield (about 2,000 particles per grid) was comparable 
with previous studies by the Albany group for the ribosome subunit re-association experiment 
(about 1,000 particles per grid). 
 
5.3.4. Results 
As of October 2010, the reconstruction of the total 21,816 particles, refined to 18.6 Å, 
showed strong density attributable to P-site tRNA, but no density for TC. Supervised (two-
reference and focused classification) and unsupervised (bootstrapping classification) 
classification results indicated that the EF-Tu occupancy is about 20%. Focused classification 
results indicated that EF-Tu alone can bind to the 70S IC, given 15 µM EF-Tu and 1 µM 70S IC 
in the mixture. Multi-turnover GTPase assay showed that empty 70S increased the rate of GTP 
hydrolysis on EF-Tu by 2.4-fold, also suggesting that EF-Tu alone can interact with 70S 
ribosome. This experiment revealed the need for further improving the data yield of the mixing-
spraying time-resolved cryo-EM method. In addition, I realized the decoding process is too 
complicated to be a proof-of-principle experiment, and switched focus to study ribosome subunit 
association. 
 
5.3.4.1. Mixing-spraying retained peptidyl transferase activity of the ribosome complex 
We made fresh TC from the components, because the TC is likely unstable during 
freeze/thaw cycles. Hani Zaher performed the peptidyl transferase activity assays in Johns 
Hopkins University. The 70S IC, before being sent to Albany, made tripeptide with about 70% 
efficiency. The 70S IC mixture being sent back to JHU had 50% activity. Both hand- and chip-




activity. However, the sample +kirromycin maintained peptidyl transferase activity, while the 
ones -kirromycin lost all activity. The only difference between these two samples was that the -
kirromycin sample was kept on ice for two more hours before making grids, which might lead to 
the loss of activity. Therefore I only collected cryo-EM data on +kirromycin sample. 
260
 
Figure 5.6 Peptidyl transferase activity assay of 70S IC before and after mixing. (A) The 
70S IC before being sent to Albany made tripeptide with about 70% efficiency. (B) The 70S IC 





5.3.4.2. 3D reconstructions of ribosome particles from time-resolved cryo-EM dataset 
suggested that EF-Tu alone may bind to 70S ribosome 
The 3D reconstruction was performed on all the 21,816 particles collected by mixing 70S 
IC with TC in the presence of kirromycin and reacting for 50 ms. The resulting 3D map had the 
density attributable to the P-site tRNA, but no A-site tRNA or EF-Tu (Fig. 5.7). This indicated 
that the majority of the ribosome complexes contained P-site tRNA, which should be the initiator 
tRNA. However, the kinetic simulation suggested that over 50% of the ribosomes should also 
contain A-site tRNA and EF-Tu, which may show as extra density in the 3D map. Classifications 
were then performed to estimate the occupancy of A-site tRNA and EF-Tu. Using bootstrapping 
method (Liao and Frank, 2010), an unsupervised classification, the occupancy of the TC was 
estimated to be lower than 10%. 
In the supervised classification with two reference volumes (Gao et al., 2004), the 
normalized cross-correlation of an observed particle to every projection image of each reference 
was calculated; then for each observed particle, the difference between the highest cross-
correlations with each of the two reference volumes (ΔCC) indicated which reference the particle 
was more similar to. All the observed particles were plotted on a ΔCC histogram. Subgroups of 
observed particles may be selected for 3D reconstruction by setting an arbitrary ΔCC threshold.  
Three rounds of supervised classification were performed on the time-resolved cryo-EM 
dataset. The first supervised classification, with the two references being empty 70S ribosome 
and 70S ribosome containing P-site tRNA, suggested that about 70% of all the particles 
contained P-site tRNA. The second supervised classification used empty 70S ribosome and 70S 
ribosome containing P-tRNA and the TC (reference volume V3) as the two references. By 




to V3 showed the extra density attributable to the TC. However, the EF-Tu density was stronger 
than the A-site tRNA density, suggesting that there might be reconstruction artifacts due to 
reference bias. To resolve this problem, the third supervised classification used empty 70S and 
70S ribosome containing P-tRNA and EF-Tu, with the A-site tRNA computationally removed 
from the TC (reference volume V4). By selecting ΔCC threshold of +0.05, 3D reconstruction of 
9,478 particles that were more similar to V4 showed only extra density attributable to EF-Tu, but 
not A-site tRNA, confirming that the reconstruction in the second supervised classification had 
reference bias. The 9,478 particles and the 12,472 particles selected in the second supervised 
classification had 9,450 particles in common.  
The difficulties encountered in the supervised classifications seemed to corroborate the 
low occupancy of TC estimated from the bootstrapping classification. As a last test, the focused 
classification based on the bootstrapping 3D variance map (Penczek et al., 2006) was used to 
classify the observed particles based on the total intensity within a spherical mask containing TC. 
Reconstruction of the top 20% particles sorted by the total intensity within the mask showed a 
70S ribosome containing extra density attributable to EF-Tu but not A-site tRNA (Fig. 5.8). This 
led to an unexpected question whether EF-Tu alone, without A-site tRNA, can bind to 70S. The 
classifications also highlighted that the limited number of interesting particles is the bottleneck to 
the time-resolved cryo-EM technique. 
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Figure 5.7 3D reconstruction of all the particles collected using time-resolved cryo-EM 
method. (A) The 3D map of all 21,816 particles in the time-resolved cryo-EM dataset, collected 
from mixing 70S IC with TC in the presence of kirromycin and reacting for 50 ms, refined to 
18.6A resolution. (B) The empty 70S used as the reference volume in 3D reconstruction. (C) 






Figure 5.8 Focused classification of the time-resolved cryo-EM dataset. (A) The spherical 
mask (red mesh) containing the ternary complex. The 70S ribosome is shown in gray as viewing 
reference. (B) Reconstruction of the top 20% of particles sorted by the total intensity within the 




5.3.4.3. Alpha-32P-GTP hydrolysis assay suggested that EF-Tu alone may bind to 70S 
ribosome 
To further test whether EF-Tu alone can bind to 70S ribosome, the rate of alpha-32P-GTP 
hydrolysis by EF-Tu was measured in the presence or absence of 70S ribosome using thin layer 
chromatography (Fig. 5.9). More than 200 µM out of 2mM GTP was hydrolyzed by EF-Tu in 
the presence of 70S ribosome in 2 h incubation at 37°C, which was 2.4× times the amount by 
EF-Tu alone. This result suggested that EF-Tu can interact with the 70S ribosome in the absence 
of an A-site tRNA. In the time-resolved cryo-EM experiment, the TC solution contained 15 µM 
EF-Tu and 2 µM Phe-tRNAPhe. The excess amount of EF-Tu were likely to bind to the 70S 
ribosome, resulting in a subset of particles yielding the 3D reconstruction containing only EF-Tu 
density but no A-site tRNA. To obtain the 70S ribosome complex bound with TC using time-
resolved cryo-EM, there were two possible solutions: either purifying the TC before mixing-
spraying, or using excess amount of Phe-tRNAPhe in the TC solution. These two solutions have 
not been tested because they were technically challenging and expensive.  
 
5.3.4.4. Preliminary results of mant-dGTP assay in the mixing-spraying chip 
Taking a step back from the time-resolved cryo-EM, I wanted to confirm the decoding 
kinetics within the mixing-spraying chip, because the kinetics in the chip may differ from that 
measured by Rodnina’s group. I designed a mant-dGTP assay in the mixing-spraying chip 
measured using fluorescent light microscope (Fig. 5.9). The GTP analog mant-dGTP [3'-O-(N-
methylanthraniloyl)-2-deoxyguanosine triphosphate] has excitation wavelengths at 363 nm – 





The kinetic studies by Rodnina’s group demonstrated that during A-site binding of the 
ternary complex, mant-dGTP fluorescence intensity first increased rapidly then decreased more 
slowly (Rodnina et al., 1995). The researchers proposed that mant-dGTP fluorescence increase is 
likely associated wtih a structural rearrangement of EF-Tu into an activated state (likely a 
ribosome-bound state); and mant-dGTP fluorescence decrease is attributed to the returning of 
EF-Tu from the activated state to the ground state (which may be the GDP-bound state free in 
solution), i.e., the step blocked by kirromycin.  
The experimental design was to take a total of 16 images in the reaction channel of the 
mixing-spraying chip (Fig. 5.9) while the solution is flowing constantly in the channel, so that 
the reaction time is predetermined at each position in the channel. Three experiments were 
performed by mixing different solutions. 
First, to test the signal linearity, mant-dGTP was diluted in series using HiFi buffer. The 
diluted mant-dGTP was manually injected into the mixing-spraying chip using a Hamilton 
syringe while taking the images. The averaged fluorescence intensity within the channel on each 
image was measured using ImageJ software. The fluorescence intensity demonstrated good 
linearity with the concentration of mant-dGTP [c(mant)] in the measured range. 
Second, mant-dGTP solution was mixed with EF-Tu solution containing an energy 
regeneration system. According to the studies by Rodnina’s group, the mant-dGTP fluorescence 
intensity is about 30% more in mant-dGTP + EF-Tu sample than mant-dGTP alone (Rodnina et 
al., 1995). Indeed, the mant-dGTP + EF-Tu sample showed about 40% increase in fluorescence 
intensity at the same c(mant). This observation also suggested that all the mant-dGTP (2 µM) 
were bound to EF-Tu (30 µM) in the experiment. 




Solution 1 was prepared by mixing 1× HiFi buffer, 2 µM mant-dGTP, 30 µM EF-Tu, 3 mM 
ATP, 6 mM phosphoenolpyruvate, 0.1 µg/mL phosphoenolpyruvate kinase and incubating in 
dark at 37°C for 10 min; then adding 4 µM Phe-tRNAPhe and incubating at 37°C for 5 min. 
Solution 2 contained 2 µM 70S IC and 0.5 mM kirromycin. According to the studies by Rodnina 
and coworkers, kirromycin will stall the mant-dGTP TC on the 70S IC, leading to a further 
increase of 50% in fluorescence intensity compared to the mant-dGTP + EF-Tu sample (Rodnina 
et al., 1995). Assuming that 80% of the 70S IC are active, fluorescence intensity of mant-dGTP 
TC + (IC+kirromycin) sample will be [1×1.3× (1.5×0.8+1×0.2)=] 1.8× of the fluorescence 
intensity of mant-dGTP alone at the same c(mant). However, the mant-dGTP TC + 
(IC+kirromycin) did not show expected fluorescence intensity increase, for unknown reason. 
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Figure 5.9 Schematic of the mant-dGTP assay in the mixing-spraying chip. (A) Fluorescence 
light microscope setup. The excitation light was generated by mercury light passing through the
370 nm band-pass filter. The 10× object lens focused the excitation light within the 40 µm-deep 
reaction channel. The emission light from mant-dGTP passed through the dichroic mirror and 
450 nm band-pass filter, and was recorded by the CCD camera. (B) A total of 16 images (marked 
by blue boxes) were taken in the reaction channel of the mixing-spraying chip with 565 ms mean 
reaction time, while the solution is flowing constantly in the channel. The order of images was 
from the outlet toward the inlet of the reaction channel. 
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Figure 5.10 Preliminary results of the mant-dGTP assay. mant-dGTP linearity tests 
performed on different days are labeled mant with different colored crosses. Linear fitting of 
mant-dGTP intensity vs. c(mant) is labeled linear mant. The mant-dGTP + EF-Tu experiment is 
labeled mant+Tu. The mant-dGTP TC + (70 IC + kirromycin) experiment is labeled 




5.3.5. Future directions of time-resolved cryo-EM studies 
Although the initial time-resolved cryo-EM study on decoding did not capture the 
transient conformation of the ribosome complex as expected, I have worked with colleagues to 
improve the data yield of the method, and captured pre-equilibrium states of the ribosome 
subunit association reaction, demonstrating the capability of the method. The mixing-spraying 
time-resolved cryo-EM method can study sub-second reactions involving two biological 
macromolecules. The next reaction we will study using the mixing-spraying method is 
translation initiation. Built upon the ribosome subunit association reaction, we will add more 
components to the 30S subunit to first form a 30S initiation complex, and then mix it with the 
50S subunit. Based on the kinetic studies by Ehrenberg’s group (Antoun et al., 2006), translation 
initiation in the presence of IF1 and IF2 happens on the time scale of about 100 ms with sub-
micromolar concentration of reagents. The experimental design is to mix 1.2 µM 30S initiation 
complex (containing mRNA, fMet-tRNAfMet, IF1, IF2·GDPNP or IF2·GTP) with 1.2 µM 50S, 
and react for about 100 ms using the time-resolved cryo-EM method. We expect that over 50% 
of the 50S-containing particles are 70S pre-initiation complexes, which may contain IF2. In the 
future, the time-resolved cryo-EM method can revisit the translation decoding process, and shed 
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